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FOREWORD.

The reprinting of a sixty-year-old scientific publication, for scien-
tific reasons and in response to a scientific demand, is a rare event
indeed. Yet it is precisely for such reasons and in response to such a
demand that the Carnegie Institution is presenting once again its
Publication 87, The California Earthquake of April 18, 1906.

Dr. William W. Rubey, whose lifetime of investigation has influ-
enced the course of modern geophysics so widely and deeply, and whose
knowledge of the circumstances surrounding the 1906 earthquake is so
unique, has honored this edition with an Introduction that provides in
detail the setting in which the 1906 Report was made. It was Dr. Rubey
who first sensed and emphasized the special timeliness of the Report
today. We believe that geophysicists at large in coming years will
share our gratitude to him.

The reprinting has been made possible by a grant of $15,000 from
the Harry Oscar Wood Fund for this purpose. The late Dr. Wood, a
noted seismologist and fifteen years a Research Associate of the Insti-
tution, was also, most appropriately, a Principal Contributor to this
volume.

CARYL P. HASKINS
President, Carnegie Institution






INTRODUCTION.

Recommendations to republish this book have come from numerous sources—most
influentialy, from Dr. lan Campbell. As State Geologist of the California Divison of
Mines and Geology, Dr. Campbell was very much aware of the current widespread inter-
est, both popular and academic, in earthquakes and of the demand for this report at
libraries throughout California and elsewhere.

In order to understand the place and impact of this report when it appeared and to
view it in its historical perspective, it is of interest to review briefly the progress of the
science of seismology internationally and in the United States up until the publication of
this report in 1908 and 1910.

Earthquakes have always been a source of keen interest—and of terror—to man. In
ancient and medieval times, they were variously attributed to volcanic action, to the cal-
lapse of rock caverns, to explosions or the rushing of winds underground, and to super-
natural causes. With such a range of suggested explanations, it is not surprising that
individual earthquakes that caused great devastation and loss of life should have become
the object of detailed examination by persons of a curious and sceptical turn of mind and
with a bent toward natural philosophy. It isin large part the result of a series of mono-
graphic studies by such investigators that seismology emerged as a scientific discipline
independent of the unrestrained speculation of earlier writers.

The scientific investigation of earthquakes may be said to have begun with a study,
published in 1761 by John Michell of Cambridge University, of the great Lisbon earth-
quake of 1755. Michdl broke free from the interpretations of classical writers of the past
and relied solely on the evidence of direct observations. A later milestone in the develop-
ment of seismology was an investigation of a devastating earthquake at Naples in 1857.
In 1862 Robert Mallet, a practical engineer of Dublin and later of London, published a
classic monograph on this Neapolitan quake that stood without rival until R. D. Oldham's
report in 1899 on the great earthquake of 1897 at Assam, India

In the years following Mallet's work, seismology advanced significantly as a scientific
discipline. Michele de Rossi, Guiseppe Mercalli, and associates in Italy; Francois Forel and
Albert Haeim in Switzerland; Eduard Seuss in Austria; Montessus de Ballore in San
Salvador, France, and Chile; and others in Germany and Russia described individua
earthquakes, compiled regional catalogs of their occurrences, and systemized the report-
ing of earthquake intensities. On May 2, 1877, an earthquake was felt widdly throughout
central Europe, and in the following year the Swiss Seismologicd Commission was
founded. It survives today as the Swiss Earthquake Service and has served as the modd
for similar organizations in other countries.

Selsmology emerged as a quantitative science in the late 1880's in Japan. On February
22, 1880, Yokohama was rocked by a destructive earthquake, which became the subject of
a memoir published by John Milne, a British professor of geology and mining at the
Imperial College of Engineering a Tokyo. The memoir was published in 1880 and later
that year, on Miln€s initiative, a group of British and Japanese teachers formed the
Seismological Society of Japan. Designers and builders of the firg effective seismo-
graphs, Milne and his co-workers investigated individua quakes, the nature of earth-
guake motion, and the distribution of quakes in space and time. Individuals in the group
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performed seismic experiments by means of artificiad explosions, compiled comprehensive
catalogs of Japanese and distant earthquakes, and drew the first travel time-distance
curves. These innovative methods of investigation were the foundations of modern
seismology.

The study of earthquakes advanced somewhat more dowly in North America than
in Europe and Japan. J. D. Whitney, professor of geology at Harvard University,
dudied the Owens Vdley, Cdifornia, earthquake of 1872 and reported on it that same
year. G. K. Gilbert, of the X1 S. Geologicd Survey, in 1834 described numerous recent
fault scarps bordering the Wasatch Mountains and elsewhere in the Great Basin and
compared them to similar scarps produced by the Owens Valey quake. In 1839 C. E.
Dutton, dso of the U. S. Geologicd Survey, published a monograph on the great Charles-
ton, South Caroling, earthquake of 1836. In a series of articles published from 1872
through 1886, C. G. Bockwood, professor of mathematics at Rutgers and then Princeton
University, began the compilation of a cataog of earthquakes in the United States. Rock-
wood's catalog was continued for the earthquakes of California, Baja Cdlifornia, Oregon,
and the Washington Territory from 1887 through 1898 by E. S. Holden, director of the
Lick Observatory a Mount Hamilton, California, and two of his colleagues. These annual
lists were published as Bulletins of the IT. S. Geologicd Survey.

Holden ingtalled the first seismographs in the United States at Lick Observatory
and at the University of Cdifornia a Berkeley in 1887. Probably the first seismic station
in North America to use a seismograph with continuous recording was at Toronto in 1896.
By 1901, there were continuous recording stations at Baltimore, Maryland; Philadelphia,
Pennsylvania; Victoria, B.C.; and Mexico City, Mexico; and by 1904, there were stations
in Washington, D. C.; Cheltenham, Maryland; Sitka, Alaska; and Honolulu, Hawaii.

In 1901 the firg conference to establish an international organization of ssismolo-
gists met a Strasbourg. By the time of the second conference in 1903, twenty countries
were represented—double the number that had attended the first. H. F. Reid, the author
of Volume |l of the present study, represented the United States and was aso present
a the first meeting of the permanent commission in 1906, which mesting led to the found-
ing of the International Seismologieal Association. That organization met first at the
Hague in 1907 and once again Reid was one of the delegates.*

On April 18, 1906, shortly after 5:00 am., a great earthquake struck San Francisco
and along narrow band of towns, villages, and countryside to the north-northwest and
south-southeast. Many buildings were wrecked; hundreds of people were killed; eectric
power lines and gas mains were broken. Fires broke out and burned wildly for days, utterly
out of control because of severed water mains.

The ground had broken open for more than 270 miles dong a great fault—the San
Andress rift. The country on the east Sde of the rift had moved southward relative to
the country on the west Side of the rift. The greatest displacement had been 21 feet about
30 miles northwest of San Francisco.

Nearly all the scientists in Cdifornia began immediately to assemble observations
on the results of the quake. Professor A. C. Lawson, chairman of the geology department
at the University of Cdifornia, took the first steps that led to Governor George C. Pardee's
gppointment, three days after the shock, of a State Earthquake Investigation Commis
son to unify the work of scientific investigations then under way. The members of this

* Gutenberg, Reno, Seismology, in Geology, 1888-1UIta,"dtth Anniv. Vol. Geol. Soc. Amer., p. 460, 1941.

Much additional information about the history of seismology may be found in:

Gfikk®, Sir Archibald, The Founders of Urology, 2nd ed., Macmillan & Co., 1905. Reprinted, Dover Pubs.,
Inc., 4Hi pp., 1962,

Adams, F. P., The Birth and Hrrehipmeni of the Geological Sciences, Dover Pubs., Inc., 1938. Reprinted,
106 pn., 1954,

Davison, Charley, The Founder® >>f Seismoltifty. Cambridge Univ. Press, 240 pp., 1927.
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Commission were Professor Lawson, Chairman; J. C. Branner, professor of geology
at Stanford University; Charles Burckhalter, director of the Chabot Observatory at Oak-
land; W. W. Campbell, director of Lick Observatory; George Davidson, professor of
astronomy at the University of California; G. K. Gilbert, geologist of the U. S. Geologica
Survey; A. 0. Leuschner, professor of astronomy at the University of California; and
H. F. Reid, professor of geology at Johns Hopkins University. With the exceptions of
Gilbert and Reid, none of the Commission members were then known as students of
earthquakes. Nevertheless, they were a distinguished and highly competent group of
men. Two of the geologists and two of the astronomers were then members of the National
Academy of Sciences and three others subsequently became members of that body.

At its first meeting three days after it was appointed, the Commission organized
itsdf into two committees. One, chaired by Lawson, was to determine surface changes
associated with the earthquake and to collect data on the intensity at different places. The
second committee, with Leuschner as chairman, was assigned the collection of data on
the time of arrival of the earthquake at different places. A few weeks later, when the main
features of the quake had become known, a third committee, led by Reid, was appointed to
consider problems of the geophysics of the earthquake. The three committees consisted of
members of the Commission and 21 other scientists, many of whom—such as Fusakichi
Omori, professor of seismology a the Imperial University of Tokyo and one of the
greatest seismologists of Japan—were already well-known and many others who later
became internationally known as leaders in geology, mathematics, meteorology, and other
fields of science.

No State funds were available to defray the expenses of the Commissions investigation,
but provision for this purpose was made by the Carnegie Institution of Washington.

The Commission submitted a preliminary report of twenty pages to Governor Pardee
on May 31, 1906. In November of the same year, the constitution of the Seismological
Society of Americawas adopted. The first president of the Society was George Davidson,
followed in successive years by A. C. Lawson, J. C. Branner, and A. G. McAdie, a member
of Committee Il of the Earthquake Commission. The secretary of the Society for many
years was S. D. Townley, adso a member of Committee I1.

In preparation of the fina report, hundreds of people were interviewed and evidence
was collected from every damaged area as well as from records from seismograph stations
throughout the world. Lawson spent the winter of 1906-1907 in Washington compiling
and editing individual reports from more than twenty collaborating scientists. He pre-
pared an introduction, a section on the geology of the Coast Ranges, and many explana
tory statements and summaries to weld the work into one unified report. Volume |, parts
| and IlI, and the accompanying folio atlas were published in 1908 by the Carnegie
Institution of Washington. Volume I, The Mechanics of the Earthquake, by H. F. Reid,
followed in 1910.

The exhaustive report was favorably received on its publication and it continues even
today to be very highly regarded by seismologists, geologists, and engineers concerned
with earthquake damage to buildings. Volume I, established a modd of earthquake inves-
tigation and reporting that has been widdly followed ever since. Furthermore, it affords
an invaluable pictorial record against which tectonic and other geologic changes since
1906 can be compared. Reid's masterly presentation of the elastic rebound theory of
earthquakes in Volume II, remains today an apparently satisfactory explanation of one
of the more important mechanisms of seismic activity. In al, the report stands as a mile-
stone in the development of an understanding of earthquake mode of action and origin.

WILLIAM W. RXTBBY






PEEFACOE.

The account of the California earthquake of April 18, 1906, contained in this
report, exemplifies the spirit of codperation which pervades the scientific work in our
day. Immediately following the great shock not only was the necessity of a scientific
inquiry generally perceived, but it was redlized that the occason afforded an excep-
tional opportunity for adding to our knowledge of earthquakes. The scientific men
of the state, each on his own initiative, began the work of assembling observations;
the more intelligent citizens became persistent in their inquiries as to the nature of
the earthquake, its extent and intensity, and the causes in general of such terrible
disasters; and the state, thru its then Governor, George C. Pardee, unified the work
of scientific investigation by the appointment of a committee of eight to direct the
work. This committee was appointed on April 21, 1906, and became known as the
State Earthquake Investigation Commission. On May 31, 1906, the Commission
submitted a " Preliminary Report" to the Governor, which was printed and very
generally distributed. In this report the details of the organization of the Commis-
sion, the program of its work, and the results attained to that date are set forth. But
while the Commission acted under the authority of the Governor of the State, no
money was provided by the Government for the conduct of its work. The embar-
rassment arising from this lack of funds was relieved about June 1, 1906, by a sub-
vention from the Carnegie Institution of Washington™ which enabled the Commission
to prosecute its work as it had been planned.

About the end of the year 1906, the greater part of the observational data having
been collected, the work of sifting, coordinating, compiling, and editing the same
devolved upon the Chairman of the Commission. The results of this work, including
several specia papers by various investigators, are contained in Volume I, parts |
and |1, of the report and in the twenty-five maps of the accompanjdng atlas. In this
volume especial effort has been made to give due credit to every contributor, whether
he be a scientific writer discussing some particular phase of the general problem, or
a citizen assisting with loca information. In all cases where there is no ascription
of authorship the Chairman of the Commission is responsible for the statements made.
The multiplicity of contributors has made it inconvenient to duplicate their names
in the already lengthy table of contents.

In general, Volume | is a record of observations with quite subordinate discussion
of the facts recorded. The effort to condense the record as far as possible has been
tempered by the desire to omit no significant fact, so that the record may be as
complete as possible for purposes of comparison with similar events which may occur
in years to come. In the preparation of this volume the Chairman of the Commission
gratefully acknowledges the kind advice and cordial assistance of Messrs. G. K. Gil-
bert and II. F. Reid. The Commission is aso under great obligation to its Secretary,
Mr. A. O. Leuschner, for his very efficient services.

Volume Il is chiefly a discussion of instrumental records and of the data bearing
upon the mechanics of earthquakes, by Mr. H. F. Reid, who aso contributes u general
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discussion of the theory of the seismograph, which is the first to appear in English.
Accompanying this volume are many seismograms of the earthquake, which appear
in the general atlas. These seismograms are records of the shock as registered at
amost al the seismologica stations the world over, and are published at the sug-
gestion of the International Seismological Association for purposes of comparison with
one another, to the end that the best recording devices may be generally adopted,
and aso for comparison with the similar series of seismograms of the Valparaiso earth-
quake of August 16, 1906, which has been published by the Association.

ANDREW C. LAWSON,

Chairman State Earthquake I nvestigation Commission.
BERKELEY, May 31, 1908.
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THE CALIPOKNIA EAKTHQUAKE OF APEIL 18, 1906.

INTRODUCTION.

On the morning of April 18, 1906, the coastal region of Middle California was shaken
by an earthquake of unusual severity. The time of the shock and its duration varied
dlightly in different localities, depending upon their position with reference to the seat
of the disturbance in the earth's crust; but in general the time of the occurrence may
be stated to be 5" 12™ A. M. Pacific standard time, or the time of the meridian of longi-
tude 120° west of Greenwich; and the sensible duration of the shock was about one
minute.

The shock was violent in the region about the Bay of San Francisco, and with few
exceptions inspired al who felt it with alarm and consternation. In the cities many
people were injured or killed, and in some cases persons became mentally deranged, as
a result of the disasters which immediately ensued from the commotion of the earth.
The manifestations of the earthquake were numerous and varied. It resulted in the
general awakening of all people asleep, and many were thrown from their beds. In the
zone of maximum disturbance persons who were awake and attending to their affairs
were in many cases thrown to the ground. Many persons heard rumbling sounds imme-
diately before feding the shock. Some who were in the fidds report having seen the
violent swaying of trees so that their top branches seemed totouch the ground, and others
saw the passage of undulations of the soil. Several cases are reported in which persons
suffered from nausea as a result of the swaying of the ground. Many cattle were thrown
to the ground, and in some instances horses with riders in the saddle were similarly
thrown. Animals in general seem to have been affected with terror.

In the inanimate world the most common and characteristic effects were the rattling
of windows, the swaying of doors, and the rocking and shaking of houses. Pendant
fixtures were caused to swing to and fro or in more or less elliptical orbits. Pendulum
clocks were stopt.  Furniture and other loose objects in rooms were suddenly displaced.
Brick chimneys fdl very generally. Buildings were in many instances partialy or
completely wrecked; others were shifted on their foundations without being otherwise
serioudy damaged. Water or milk in vessels was very commonly caused to sop over or
to be wholly thrown from the vessel. Many water-tanks were thrown to the ground.
Springs were affected either temporarily or permanently, some being diminished, others
increased in flow. Landslides were caused on steep slopes, and on the bottom lands of
the streams the soft alluvium was in many places caused to crack and to lurch, pro-
ducing often very considerable deformations of the surface. This deformation of the
s0il was an important cause of damage and wreckage of buildings situated in such tracts.
Railway tracks were buckled and broken. In timbered areas in the zone of maximum
disturbance many large trees were thrown to the ground and in some cases they were
snapt of above the ground.

B 1
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The most disastrous of the effects of the earthquake were the breaking out of fires and,
at the same time, the destruction of the pipe systems which supplied the water neces-
sary to combat them. Such fires caused the destruction of a large portion of San Fran-
cisco, as dl the world knows; and they dso intendfied the calamity due to the earth-
guake at Santa Rosa and Fort Bragg. The degree of intensity with which the earthquake
made itsdf fdt by these various manifestations diminished with the distance from the
seat of disturbance, and at the more remote points near the limits of its sensibility it
was perceived only by a feeble vibration of buildings during a brief period.

The area over which the shock was perceptible to the senses extends from Coos Bay,
Oregon, on the north, to Los Angeles on the south, a distance of about 730 miles; and
easterly as far as Winnemucca, Nevada, a distance of about 300 miles from the coast.
The territory thus affected has an extent, inland from the coast, of probably 175,000
square miles.  If we assume that the sea-bottom to the west of the coast was similarly
affected, which is very probably true, the total area which was caused to vibrate to such
an extent as to be perceptible to the senses was 372,700 square miles. Beyond the
limits at which the vibrations were sufficiently sharp to appeal to the senses, earth waves
were-propagated entirely around the globe and were recorded instrumentally at al the
more important seismological stations in civilized countries.

The various manifestations of the earthquake above cited, including the cracking and
deformation of the soil and incoherent surface formations, were the results of the earth
jar, or commotion in the earth's crust. The cause of the earthquake, as will be more
fully set forth in the body of this report, was the sudden rupture of the earth's crust
adong aline or lines extending from the vicinity of Point Delgada to a point in San
Benito County near San Juan; adistance, in anearly straight course, of about 270 miles.
For a distance of 190 miles from Point Arena to San Juan, the fissure formed by this
rupture is known to be practically continuous. Beyond Point Arena it passes out to
sea, so that its continuity with the similar crack near Point Delgada is open to doubt;
and the latter may possibly be an independent, tho associated, rupture parallel to the
main one south of Point Arena. It is most probable, however, that there is but one
continuous rupture. The course of this fissure for the 190 miles thru which it has been
followed is nearly straight, with a bearing of from N. 30° to 40° W., but with a dlight
general curvature, the concavity being toward the northeast, and minor local curvatures.
The fissure for the extent indicated follows an old line of seismic disturbance which
extends thru California from Humboldt County to San Benito County, and thence
southerly obliquely across the Coast Ranges thru the Tejon Pass and the Cgjon Pass into
the Colorado Desert. This line is marked by features due to former earth movements
and will be referred to in a general way as a rift, the term being adopted from the
usage for analogous features in Palestine and Africa® To distinguish it from other rifts
of samilar origin, it will be referred to more specificdly as the San Andreas Rift, the
name being taken from the San Andreas Valley on the peninsula of San Francisco, where
it exhibits a strongly pronounced character and where its diastrophic origin was first
recognized in literature.

Thp plane or zone on which the rupture took place is, so far as can be determined
fnin a jitoiy of tint surface phenomena, nearly vertical; and upon this vertical plane
ihriv urrunv.l a horizontal displacement of the earth's crust or at least of its upper
part. The «ii>pWinent was such as to cause the country to the southwest of the rift
lim« to IK- iiiovt-l iiorlhwt™MH-ly relatively to the country on the northeast side of that
lim\ The differential displacement in a horizontal direction was probably not less than
1% fert fur the jrrvjitrr part of the Rift; in many places it measured over 15 feet, and in
Din":}-Lireasmmh u< 21 fest.

 H.y. Oograph Sue. v.». iv, 4, IH94_TEeéreaI Rift -Valley, by J. W. Gregory, London, 1896.
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This differential displacement of the earth's crust along the plane of rupture constitutes
& fault, and will be so referred to in the text of the report. It is named the San Andreas
fault. The intersection of the fault plane or narrow zone with the surface of the ground
is manifested by cracks, heaved sod, scarps, etc., and these manifestation® are desig-
nated thefault-trace. As aresult of this fault, all the fences, roads, railways, bridges,
tunnels, dams, pipes, and other structures which crost its path were disocated. All
property lines and other survey lines which were intersected by it were offsst.  Inasmuch
as the movement of the earth which caused the fault was not confined to its' immediate
vicfnity, but was distributed over a considerable belt of country on either side of the
trace of the rupture, the latitudes and longitudes of a large portion of the Coast Ranges
of Cdlifornia were changed, and the triangles established by the Coast and Geodetic
Survey in its triangulation of the region were distorted.

In addition to the horizontal displacement there was, particularly toward the northern
end of the fault, a vertical displacement probably nowhere exceeding 2 to 3 feet, whereby
the country to the southwest was raised relatively to that to the northeast. In many
places, however, particularly toward the southern end of the fault, no vertical displace-
ment can be detected; and there is some indfcation that, if there was vertical displace-
ment M this region, it was the reverse of that observed Tn the northern portion of the
fault. This rupture of the earth's crust gave rise to certain manifestations at the surface
which resemble those described above as a result of the vibratory commotion of the
earth, due to the sudden displacement. The cracking and rending of the surface along
the line of the fault is a difect expression of the rupture and displacement which origi-
nated the earthquake, whereas the-cracks, fissures, and lurching of the soft bottom lands
and the-landslide cracks on the hillsides, whether near the fault line or remote from it,
are referable to the oscillation of the crust. The two classes of phenomena must, there-
fare, be discriminated, partieularly™as there has been a tendency on the part of some
observers to class the secondary phenomena with the primary and interpret the former
as indicative of fault lines inthe earth's crust, when in reality they are merely superficia
phenomena*

Whilethe shock wasperceptible to the senses to the extent above indicated in Cdifornia,
Nevada, and Oregon, the distribution of the higher grades of intensity was remarkably
linear and was definitely related to the fault line, and to the general trend of the coast of
Cdifornia.  This may be brought out in a preliminary way by stating that a zone of
destructive effects extends parallel to the Rift from Humboldt Bay, in Humboldt County,
to the vichnity of King City in Monterey County, a distance of 350 miles. If we take the
throw of brick chimneys and allied phenomena as indicating the limits of what may be
caled destructive effects, the width of this zone may be fairly approximated at about
70 miles, or about 35 miles on either side of the fault, orits prolongation where no actual
fault is observable at the surface. The length of this zone of destruction is thus five
times greater than its width, and the total area within which the shock was sufficiently
severe to throw brick chimneys may be placed at something over 25,000 square miles;
it being assumed that the severity to the southwest of the fault, beneath the waters of
the Pecific, was equa to that on the land. If the fault near Point Delgada be regarded
as distinct from that extending from Point Arena southeasterly, then the total area of
these high intensities would be considerably larger in the direction of the Pacific.

Within this outer limit of destructive effects the intensity increased toward the fault.
But proximity to the fault was not the only factor determining the degree of intensity.
The soft, more or less incoherent, and water-saturated alluvial formations of the valley-
bottoms were much more severely shaken than the rocky dopes of the intervening
ridges, and the structures upon them were consequently more commonly and more
completely wrecked. It is not understood by this excessive damage on the valley-
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bottoms that the vibratory movement due to the passage of the earth-wave was
characterized by greater energy than where it traversed elastic rocks; but that this
energy was manifested in a form of movement more destructive to structures upon
the surface. The intensity of the shock upon the valley-bottoms, as inferred from
damage, seemed abnormally high. In terms of energy it was probably not abnormal.
It thus became necessary to discriminate between apparent intensity and real intensity.
Inasmuch as we have to deal primarily with observable effects and record these as
a basis for inference, it has been found convenient -to use the term "apparent inten-
sity" in atechnical sense thruout the report; and al the grades of intensity specified,
even when the qualification "apparent” is omitted because of the wearisomeness of its
reiteration, are grades of "apparent intensity” arrived at by applying literally the
criteria of the Rossi-Forel scale.



GEOLOGY OF THE COAST SYSTEM OF MOUNTAINS.

DEFINITIONS.

In common with many other mountainous tracts the world over, the Coast System has
limits which are difficult of precise definition. The criteria which serve to discriminate
one tract from another are various and have different values in different cases. Any
attempt at precise definition must be more or less arbitrary. An outline of the extent
and subdivisions of the system will, however, be presented in summary fashion.

On the north the Coast System extends to the northern end of Humboldt County, and
in that county and in southern Trinity County the last typical ridge is South Fork
Mountain. This is a remarkably linear ridge beginning near the coast and extending
with a northwest-southeast course to the vicinity of North Yalo Baly Mountain. Be-
yond South Fork Mountain to the northeast lie the Klamath Mountains, a group more
nearly alied in the history of its uplift and in its constituent rocks to the Sierra Nevada
than to the Coast Range. On the south the Coast System is sometimes regarded as
ending in Santa Barbara County; and the mountains of Southern California; thence
east-southeast and south to the Mexican boundary, are regarded as a distinct system,
being viewed as a northerly prolongation of the orographic axis of the peninsula of
Lower Cadlifornia The chief consideration favoring this distinction is the change in
trend of the mountain ridges, which becomes apparent just north of the Santa Barbara
Channel. Other facts favor this discrimination, such as the prevailing absence of the
Franciscan formations in the mountains of southern California and the greater abun-
dance of granitic rocks; but more especially the greater incisiveness of the structural
lines, indicating, on the whole, more intense orogenic action. But these considerations
are largely offset by the unmistakable continuity of the tectonic lines of the northern
ranges into the mountains of southern Cadlifornia, and by the fact that the movements
to which their larger features are due date from the close of the Tertiary. It would
seem, therefore, that there is sufficient unity of character in these coastal mountains, in
spite of their change of trend, to warrant their being classed as the Coast System from
South Fork Mountain south to the Mexican boundary and beyond. That term may
be used in a comprehensive sense, significant of the genetic and structural unity which
runs thru them.

It will nevertheless be very convenient to recognize three subdivisions of the Coast
System thus outlined. The first of these subdivisions extends from South Fork Moun-
tain on the north to the Valey of the Cuyama River on the south, and may, in accord-
ance with popular usage, be referred to simply as the Coast Ranges, the term "system"”
being used only when it isintended to express the more comprehensive view. The second
subdivision I's a broad chain extending from Santa Barbara County to the far side of the
Colorado desert with a general trend of west northwest-east southeast, and including the
San Rafael, Santa Ynez, Santa Susannah, Santa Monica, San Gabridl, and San Ber-
nardino Ranges, and also, perhaps, the Chocolate Range. This chain is sometimes
referred to as the Sierra Madre, tho the full application of the term in popular usage is not
clear. The third subdivision embraces the mountainous country south and southeast
of the valley of Southern California, the principal ranges of which are the Santa Anaand
the San Jacinto. These have the northwest-southeast trend of the Coast Ranges and,
in accordance with the suggestion of some of the earlier writers on Cdifornian geology,
may be referred to as the Peninsular chain.

5
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GEOLOGICAL HISTORY.

The Coast Ranges of California have had a long and varied geologica history. Their
structure is complex and the sequence of formations differs at different points. Severa
of the more important groups of sedimentary rocks contain, so far as known, but few
fossls or none at al. Only in recent years have the topographic maps necessary for
an adequate study of the stratigraphy and structure of the region become available,
and then only for limited areas. Nevertheless the general outlines of the geology of
the Coast Ranges are known, and in some of the localities which have been topograph-
icaly mapped, a considerable body of detailed information is at hand.

The oldest- sedimentary rocks of the Coast Ranges are of unknown age. They com-
prize impure and somewhat magnesian limestone, quartzites, and various crystalline
schists. The limestones are usualy in the form of coarse marble varying in color from
dark gray to white and containing frequently some graphite and less commonly lime
silicate. The quartzites are thoroly indurated, as arule, sometimes to the extent of be-
ing vitreous, and usually show well-marked stratification. The schists have as yet been
little studied, and no adequate observations upon their character in detail have been
put on record. They are known, however, to comprize both micaceous and hornblendic
varieties.

These marbles, quartzites, and crystalline schists are known only in more or less
fragmentary form, associated with considerable bodies of granitic rocks which have
invaded them as batholiths. The most common occurrence of the marbles, quartzites,
and schists is in the form of limited belts and isolated patches embedded in the granitic
rocks, or in limited areas flanking the margins of the batholiths, and showing evidence of
contact metamorphism. It is evident in most cases, and is probably generaly true,
that the granite of the Coast Ranges is of later date than the metamorphic sedimentary
rocks associated with them. While the age of these pregranitic sedimentary formations
is at present unknown, the age of the granite is suggested by its seeming identity with the
granite of the Sierra Nevada. The latter is a vast batholith known to be intrusive
in Paleozoic and Mesozoic strata as late as the Upper Jurassic. This granite has been
followed thru the Sierra Nevada to Tehachapi and Tejon Pass, where the range curves
sharply around and passes into the Coast Ranges. Passing northerly thru the Coast
Ranges, granite identical in character with that of the Sierra Nevada, and carrying
identical inclusions of older sedimentary rocks, is traceable in more or less extensive
areas from the upper reaches of the Cuyama River to Bodega Head on the coast north of
the Golden Gate. It thus seems probable that the granite of the Coast Ranges, like
that of the SierraNevada, is of late Jurassic or post-Jurassic age. The granitic rocks of
the doast Ranges, together with the pregranitic rocks into which they are irruptive,
constitute a complex which is thus the probable analogue of the Bedrock Complex of the
Sierra Nevada.

This Coast Range Complex was subjected to vigorous erosion and then submerged to
serve as the sea floor upon which the series of rocks known as the Franciscan was
deposited. This series consists for the most part of medium coarse, dark gray or
greenish-gray sandstone, strongly indurated, with subordinate shales and conglomerates.
Intercalated with these sandstones are important horizons of foraminiferal limestone
and radiolarian chert and admixtures of volcanic rocks, chiefly basaltic in character.
In the vicinity of the Bay of San Francisco, where the series is best known, it fdls into
seven atratigraphic divisions. These are in ascending order:

(1) A group of arkose sandstones with some conglomerates and shales reposing uncon-
formably upon the Montara granite and with an aggregate thickness of about 800 feet.

(2 A formation of light-gray, very compact and fine-textured foraminiferal lime-
stone ranging in thickness from about 60 to possibly a few hundred feet.
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(3) Sandstones aggregating 2,000 feet in thickness.

(4) A formation of radiolarian cherts from 100 to 900 feet.

(5) Sandstone, 1,000 feet.

(6) Radiolarian cherts, 500 feet.

(7) Sandstone, 1,400 feet.

In this sequence of sedimentary strata, particularly toward its upper part, there are
intercalated lavas at various horizons.

After their accumulation, but before the next higher series of rocks was deposited upon
them, the Franciscan strata were invaded by intrusive rocks at points so numerous and
so widespread thruout the Coast Ranges that these intrusive bodies constitute one
of their most characteristic associations, in .contrast to the series which succeed them.
The intrusive rocks are of two general types. Oneis a highly magnesian rock, usually
a peridotite, but with facies of pyroxenite and gabbro, the peridotite being generally
amost completely serpentinized. The other is a basaltic rock grading into diabase and
having in many of its occurrences the peculiar structure characteristic of -the spheroidal
basalts. In addition to the spheroidal structure on the gross scale, it is in some cases
variolitic. Associated with both of these intrusives are areas, generaly of limited
extent and sporadic distribution, of glaucophane and other crystalline schists, which
appear, where they have been most thoroly studied, to be the result of a peculiar kind of
contact metamorphism.

The stratigraphic composition of the Franciscan series indicates an interesting to-and-
fro migration of the shore line of that time, probably due to a vertical oscillation of the
continental margin. The basal group of sandstones, shales, and conglomerates is clearly
a terrigenous deposit laid down in proximity to the margin of the continental area from
which the sediments were derived. The next succeeding formation, the foraminiferal
limestone, on the contrary,.is nonterrigenous. Its character as nearly pure carbonate
of lime, except for the flinty lenses and nodules it contains, and the abundance of foram-
inifera, indicates that the sea-bottom over the present position of the San Francisco
Peninsula was too remote from the shore to receive an admixture of sand or clay. That
is to say, the conditions which favored the deposition of the limestone were inaugurated
by a withdrawal of the shore line from the position which it occupied during the deposi-
tion of the underlying sandstones. And this lateral migration of the shore was doubtless
the result of a sinking of the coast.

Above the foraminiferal limestone sandstones again occur, indicating a return of the
shore to about its former position, doubtless due to an uplift of the sea-bottom and coast.
These sandstones are in turn followed by a nonterrigenous formation of radiolarian cherts.
These are for the most part flinty rocks containing abundant remains of radiolaria,
marine organisms which secrete a siliceous test instead of a calcareous one, as in the
case of the foraminifera. They contain no admixture of sand, and the shaly partings
which separate the layers of chert are very doubtfully referable to land waste. Here
again the sea bottom must have been deprest and the shore line caused to withdraw.
These radiolarian cherts are followed again by sandstones, and these by a second forma-
tion of radiolarian. cherts, the former as before indicating uplift of the sea-bottom and the
latter depression. The last movement in Franciscan time was uplift, indicated by the
sandstones, which rest upon the second horizon of radiolarian cherts and which constitute
the topmost formation of the Franciscan series.

The age of the Franciscan is not positively known. Certain general considerations,
however, contribute data upon which a tentative judgment as to this question may be
based. Stratigraphically, the Franciscan lies upon the'eroded surface of the Coast Range
granites, the correlation of which with the post-Jurassic granites of the Sierra Nevada
has been suggested. If such correlation be adopted, the age of the Franciscan must be
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post-Jurassic.  On the other hand, the Franciscan is clearly pre-Knoxville; and the
Knoxville has usually been regarded as the local base of the Cretaceous. Fossils are
scarce in the Franciscan, but such fragmentary forms as have thus far been found point
to a Cretaceous age. It would seem not improbable/ therefore, that the Franciscan
represents a pre-Knoxville division of the Cretaceous, which has not as yet been recog-
nized in the geological scale.  The question, however, requires further investigation before
a final decison can be reached.

After the accumulation of the Franciscan strata as thus characterized, and perhaps
in connection with the invasion of the series by peridotitic and basaltic intrusives,
the region was folded and broken, and elevated within the zone of erosion. The
elevatory movement was probably quite general. The Franciscan, while subjected to
general denudation, was probably nowhere stript down to the underlying basal complex
before it was submerged to receive the next succeeding sedimentary strata. These
comprize the Knoxville formation, consisting wholly of shales and sandstones with quite
subordinate layers and lenses of limestone, al in very regular and rather thin strata,
significant of deposition in a shallow basin under fluctuating conditions of transportation.
The Knoxville varies in volume from a few hundred to several thousand feet and is widely
distributed over the Coast Ranges. It is succeeded in the vicinity of the Bay of San
Francisco, and to aless marked degree in other parts of the Coast Ranges, by a formation
of coarse conglomerate known as the Oakland conglomerate. This conglomerate attains
a thickness of over 1,000 feet in places and follows the Knoxville shales in apparently
conformable sequence. The change in the character of the deposits from shales to coarse
conglomerates, without any interruption in the continuity of sedimentation, suggests
an orogenic disturbance of the margins of the basin within which the Knoxville beds
were accumulating, whereby the grades of the streams were greatly accentuated and the
degradation of the continental region correspondingly accelerated.

The Oakland Conglomerate, or, where that is missing, the Knoxville shale, is directly
folowed by a formation of thick bedded sandstones and shales known as the Chico
formation. It has athickness in places of many thousands of feet. The entire volume of
strata, from the base of the Knoxville to the top of the Chico, is usualy referred to as
the Shasta-Chico Series, the Shasta comprizing the Knoxville and Oakland formations,
together with certain other paleontological subdivisions not here particularly men-
tioned. The series is remarkable for its great volume.  In the northern Coast Ranges
to the west of the Sacramento Valley, the thickness of the sedimentary section, com-
prizing practically only sandstones and shales, is as much as 29,000 feet. This vast
accumulation of strata clearly sgnifies the development of agreat geosyncline, or depres-
sion of the sea-bottom in that region in which deposition kept pace with subsidence
thruout this portion of Cretaceoustime. The Shasto-Chico series is usualy regarded as
comprizing the whole of the Cdifornia Cretaceous, but the considerations cited above
in regard to the Franciscan indicate that the latter may perhaps be included in the
lower Cretaceous section of this region.

The movements which brought the Mesozoic to a close and inaugurated the Tertiary
in the Coast Range region were not those of violent orogenic deformation such as charac-
terize this period of geologicd time in many other parts of the world; but were rather of
the nature of a partial elevation of the region, with quite gentle deformation, resulting
in a notable restriction of the basin of deposition. The earliest Eocene strata show no
marked structural discordance with the Chico. It is nevertheless very probable that a
notable unconformity exists, since the abundant and characteristic Cretaceous fauna
disappeared and was supplanted by an amost totally distinct assemblage of life forms.
The Eocene of the Cdifornia Coast Ranges fdls into two paleontologically distinct
groups which have been classed together as the Karquines series. The lower of these
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comprizes about 2,000 feet of sandstones, portions of which are green sands, together with
some shales. These make up the Martinez group. Its distribution, so far as known at
present, is quite limited and is confined to the middle Coast Ranges on their eastern side,
between Clear Lake and Mount Diablo. The upper division of the Karquines is known
as the Tejon group, and comprizes also about 2,000 feet of sandstones, often somewhat
ferruginous and weathering reddish, but very strongly cemented. The Tejon strata
are apparently conformable upon the Martinez, but the sharp contrast in the fauna
contents of the two groups suggests rather widespread physiographic changes at the
close of the Martinez which may be regarded as indicative of unconformity. The Tejon
strata are much more widely distributed than the Martinez, a fact which suggests the
enlargement of the Karquines basin of deposition by subsidence of the coast during the
progress of Eocene time.

The next succeeding group of rocks, belonging to the Oligocene division of the Ter-
tiary, has been named the San Lorenzo Formation.! It is known in Santa Cruz County,
where it attains a thickness of 2,300 feet, made up chiefly of gray shaes and fine sand-
stones. Its stratigraphic relations to the Tejon are not yet known, but its fauna is said
by Arnold to contain many species which appear to be closdly related to Tejon forms.
It may thus be considered as following the Tejon conformably. It isin certain sections
known to be unconformable beneath the oldest formation of the Miocene, known as the
Vagqueros Sandstone, indicating that after the deposition of the San Lorenzo formation,
the region of the Coast Ranges was disturbed and uplifted into the zone of erosion;
and the following facts regarding the transgression of the Miocene Sea indicate that this
uplift was a very extensive one. Such an uplift in time immediately preceding the
Miocene is further indicative of a much closer relationship between the San Lorenzo
and the Tejon than between the former and the Monterey.

Miocene time in the Coast Range region was characterized by a progressive subsi-
dence with oscillations of the coast. The Miocene sea gradually transgrest the conti-
nental margin from the southwest, and as it did so spread a formation of arkose sands and
conglomerates over the greater part of the southern Coast Ranges. This was followed,
as the water deepened with progressive subsidence, by a remarkable deposit of bitumi-
nous shales. These shales are usually whitish or cream-colored, tho often of a purplish
or other dark tint, and may be either of a soft chalky consistency, or opaline, or hard and
flinty. It is thruout an essentially siliceous formation and is largely diatomaceous in
character, tho more or less admixt with volcanic pumiceous ash. In some portions
the ash is a prominent constituent, and in San Luis Obispo County there is a deposit
aggregating about 1,000 feet in thickness of well-stratified volcanic tuff and agglomerate.
In San Mateo County there are basalts which were erupted at this period. Interstratified
with these siliceous shales, thin beds of more or less ferruginous and somewhat mag-
nesian limestones are by no means uncommon. They are, however, lenticular or non-
persistent, and are of a very compact texture and usually nonfossiliferous. There are
also in some places thin but persistent beds of a peculiar, very hard, fine-grained, light-
colored sandstone intercalated with the shales. In the southern portion of the Coast
Ranges the bituminous shales accumulated to a thickness of several thousand feet, but
in the middle Coast Ranges, in the vicinity of the Bay of San Francisco, the Miocene sea
was characterized by an oscillatory or to-and-fro migration of its eastern shore line, due
to alternate uplift and subsidence of the coast, quite analogous to that described for
the Franciscan period. This gave rise to an alternation of shallow water in which sand-
stones were deposited, and deep water in which sliceous ooze accumulated with but
little admixture of terrigenous material. We have thus in the territory between Mount
Diablo and the Bay of San Francisco an alternation of four formations of bituminous

Y Arnold, U. S. G. S. Professiona Paper No. 47, p. 16.
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shale with five formations of sandstone, the latter being at the bottom and top of the
series. The series is known as the Monterey series, and its various members have dis-
tinctive formational names. While the oscillation of the coast so clearly recorded in the
strata near the Bay of San Francisco is not apparent in the southern Coast Ranges, it is
by no means certain that they were not affected in asimilar way. The vertical move-
ment involved was not great, and such a movement might have extended over the deeper
portions of the area of deposition in Monterey time without effecting a sufficient change-
in the depth of the water to alter the character of the sediments. The Monterey sea
apparently did not, even at the time of its maximum transgression, extend far over
the region of the northern Coast Ranges, and a line drawn from Tehachapi to Cape
Mendocino would probably represent the general position of the shore at the close of
Monterey time.

At the dose of the Miocene, the Coast Range region was disturbed by orogenic move-
ments and uplifted into the zone of eroson. It was‘then deprest irregularly so as to
give rfxe to local basins of sedimentation m which accumulated great thicknesses of Plio-
cene beds, particularly about the Bay of San Francisco and southward- Tie oldest of
these Pfocene formations is the San Pablo, which lies uneonformably upon the Monterey
strata. Thisis essentially a sandstone formation with a thitkness of from 1,000 to- 2,000
feet. It occurs on both sdes of the Coast Ranges from the vicmity of the Bay of San
Francisco southward and appears to have been laid down fn two basins, separated By a
barrier corresponding to the general axis of the present Coast Ranges. The formation
on the east dde of the range is characterized by a notabfe admixture of dark andesftte
ash, which gives the unweathered exposures of the sandstones a distinctly blue color.
This formation has a fauna of over 100 species, of which more-than 40 per cent are living
forms. This fact, and the unconformable superposition of the formation upon the
Monterey, are warrant for placing it in the Pliocene. On the west side of the Coast
Ranges, the San Pablo fs best known in San Luis Obtspo and Santa Barbara Countfes,
and is there free from volcanic admixtures, tho the basd"feeds-are very commonly charac-
terized by the presence of asphaltum, which cements“ther sand togetherand constitutes
the wdl-known bituminous rock of the region. This asphaltum appearsto have originated
in part as a seepage from the upturned bituminous shale of the Monterey along the shores
of the San Pablo sea, and molluscan remains of San PabJo age are often embedded in it.

Succeeding the San Pablo, but nowhere, so far as the- writeris aware, reposing directly
upon it, is the Merced series. The sediments composing this series were laid down in
rather acute geosynclina troughs, resulting from orogenic deformation- of the coast in
middle Pliocene time. Three of these troughs are known. The most northerly is that
now occupied by the Valey of the lower E€l River in Humboldt County,- the second is
largely occupied by the Santa Rosa Valley in Sonoma County; thethird ison the Penin-
sula of San Francisco, extending thence south to the coast of Santa Cruz County. The
Merced strata in the Valey of the lower Edl River, and the typical Merced section near
San Francisco, show each a thickness of something over a mile.  In Sonoma County the
marine Merced beds grade eastward into fluviatile conglomerates, admixed with volcanic
ashes. The maximum thickness is about 3500 feet. The lower part of the seriesis here
characterized by a considerable volume of white volcanie pumiceous tuffs, which thin-
out rapidly to the westward. These were in part laid down directly on a land surface,
burying forests of huge sequoia, whole trees being now completely slicified* On the
coast of Santa Cruz County, the series is represented by strata of lower stratigraphic
horizons than nearer San Francisco, these lower beds having been called the Purissima
formation, altho the .sedimentation was continuous with that of the Merced. The

! For adscription of the Mfired beds of Sonoma County and the underlying pumiceous tuff, a paper
by V. C. Osmont, Bull, Dept. GeoL, Univ. Cal., vol. 4, No. 3, should be consulted.
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lower horizon of the beds on the Santa Cruz Coast, as compared with the beds nearer
San Francisco, indicates a transgression of the Merced sea from, the south. The upper
portion of the Merced section contains so large a proportion of molluscan remains of exist-
ing species that it has been regarded by Arnold as Pleistocene rather than Pliocene.

The accumulation of the Merced series to the great thickness above indicated in
middle and northern Cdifornia proves local depressions of the coast of over a mile below
sea levd in later Pliocene time. Similar orogenic deformation was in progress at the
same time on the eastern side of the barrier corresponding to the then axis of the Coast
Ranges. These movements gave rise to great troughs from which the sea was excluded,
but which were occupied by fresh water, and filled with sediments equal in volume to
those of the marine troughs to the west of the barrier. The greater part of these fresh-
water beds are comprized in the Orindan formation, which may be the equivalent of the
Cache Lake beds of the Clear Lake district * and of the Paso Robles in the southern Coast
Ranges. They have an extensive distribution on the eastern side of the Coast Ranges,
and in the vicinity of the Bay of San Francisco there intervenes between the base of the
Orindan and the San Pablo a formation of white pumiceous tuff entirely similar to
that at the base of the Merced series in Sonoma County, but containing here fresh-water
fossls.  This tuff attains a maximum thickness of about 1,000 feet and is known as the
Pinole tuff. Thruout the Orindan there are occasiona intercalated strata of volcanic
tuff of moderate thickness. The Orindan lacustrine period was brought to a close in
the region of the middle Coast Ranges by volcanic eruptions which resulted in extensive
flows of lava and showers of ashes. Upon these lavas lake basins were later established
and some hundreds of feet of fresh-water deposits (Siestan formation) accumulated
in them, which were in turn buried by other lavas.

The accumulation of the Merced marine beds and the corresponding lacustrine and
volcanic rocks was brought to a close by an acute and widespread deformation regarded
as part of the general mountain-making movements which ushered in the Pleistocene in
western North America.  As aresult of these movements, the Merced and Orindan basins
were folded and faulted, and the basement upon which their contained strata had been
laid down was lifted in part from a position over amile below sea-level to one far above
sealevel. The Pliocene formations were brought within the zone of active erosion and
the evolution of the present geomorphic features of the Coast Ranges was inaugurated.
When the degradation of the folded Orindan strata was well advanced, a lake basin was
established across the edges of these strata and in it accumulated the various fresh-
water beds and volcanic lavas and tuffs comprizing the Campan series. At atime within
the Pleistocene when the geomorphic evolution of the coast had been well advanced to
its present condition, the coastal belt was deprest 1,000 to 2,000 feet lower than it is at
present, and then uplifted in stages marked by marine terraces along many parts of the
coast. Since this there have been oscillations of the region about the Bay of San Fran-
cisco, the net result of which has been a depression alowing the sea to invade the valley-
lands and thus make the magnificent harbor to which San Francisco owes its existence.

In the foregoing sketch of the formations of the Coast Ranges and their historical
significance, it is desired to emphasize particularly the remarkable series of subsidences
and uplifts which have affected the coastal region from the beginning of the Franciscan
to the present. This record of oscillation is in marked contrast to the comparative sta-
bility of the Sierra Nevada. Except for a margina strip of its foot-hill slopes, the
region of the present Sierra Nevada has not been submerged beneath the sea. During
the geologica ages in which the Coast Range region has been repeatedly deprest to
recelve marine sediments, the sum of the maximal sections of which amounts to 65,000
feet of strata, the western edge of the Sierra Nevada region has probably never been

! Described by G. F. Becker, U. S. G. S. Monograph xm, pp. 219-221, 238-242.
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deprest over 1,000 feet. The geologica record for the latter region is in terms of degrada-
tion rather than of deposition; and such deposits as have here accumulated are referable
whally to fluviatile, lacustral, and volcanic agencies. It is thus apparent that from
the point of view of the stability of the earth's crust, the Coast Range region has been
very much more mobile than the Sierra Nevada. The long comparative stability of the
latter was, it is true, interrupted at the dose of the Tertiary by a very notable uplift,
whereby it took the form of a tilted orographic block of great size and remarkable unity ;
but this does not detract from the force of the contrast. The difference in behavior
with respect to crustal stability makes the Coast Ranges a totally distinct and different
geological province from the Sierra Nevada. _

Between these two strongly contrasted provinces lies the great valey of Caifornia,
one of the very notable geomorphic features of the continent. This valley is but one of
along series of similar depressions which lie along the western border of the North Ameri-
can continent, between the coastal uplands and the western edge of the continental
plateau. In the north it has its probable analogues in Hecate Strait, the Gulf of Georgia,
Puget Sound, the Willamette Valey, the Ashland Valley, and the depression between the
Sierra Nevada and the Klamath Mountains.  On the south we see its analogues in the
Colorado Desert, the Gulf of Cdifornia, and in the valley which lies between the southern
border of the central plateau of Mexico and the Sierra Madre del Sur.  In the Cdifornian
region we must interpret the axial line of this depression as atectonic hinge, upon which
the mobile coastal region has swung in a vertical sense upon the edge of the interior
plateau, here represented by the Sierra Nevada. Whether this tectonic hinge is a more
or less flexible zone upon which movement has taken place without rupture, or whether
it represents a zone of didocation, is not clear; but that differentiall movement has
taken place along the valley line is one of the salient facts in the geological history of
Cdifornia

STRUCTURE.

A detailed account of the structure of the Coast System would involve a discrimination
between features referable to the different orogenic movements which have affected
the region at various periods of its history. Owing to this successon of movements,
new structures have been superimposed upon older structures, or upon remnants of
older structures, so often that the resultant effect is extremely complicated and not only
difficult to unravel but difficult to state or describe in any smple way. In this sum-
mary review of the subject, no such detailed discrimination will be attempted. The
only effort will be to call attention to the salient features, which are for the most part
referable to the orogenic movements of later Tertiary and post-Tertiary time.

Marginal Features. — In a consideration of the structural features of the Coast System,
its margina lines on the east and west first clam attention. The eastern dope of the
Coast Ranges rises from the floor of the Great Valley much more abruptly in genera
than does the western sope of the Sierra Nevada from the same valley floor. Turner®
has suggested that the Great Valley east of the Coast Ranges is determined by a fault-
There is some warrant for this view and it is certainly true in part. The very precipi-
tous mountain front which rises from the valey at its southern end is without doubt a
degraded fault-scarp, tho whether or not this fault or a series of similar faults can be
followed aong the edge of the mountains to their northern end is questionable. It is,
however, sdfe to say that the eastern margin of the Coast Ranges represents aline of acute
deformation, with the probability of that deformation having taken the form of faults in
certain places. No one has yet made a sufficiently careful study of the question to make
a more precise statement possible. In general, this line of acute deformation is not

1 Am. Geologist, vol. xm, p. 248.
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straight, but is curved, with the concavity toward the northeast. Between the southern
end of the valley and the vicinity of Coadinga its course is about N. 35° W. From
Codinga, where there is an offset or jog in the general trend north to Tracy, the course
is about N. 30° W. From Tracy to Suisun there is a marked westerly embayment in
the Coast Ranges which is probably due, in part at least, to the depression of the region
about the Bay of San Francisco. From Suisun northward to the vicinity of Red BIuff
the general course of the margin of the Coast Ranges is north and south. At Tejon
Pass the eastern margin of the Coast System receives the abutment of the southern
end of the Sierra Nevada; thence southward, with a course swinging more easterly, it
determines the southwest limit of the Mojave Desert.

On the seaward side the Coast System isusually regarded as being limited by the shore
line. The precipitous coast rising to elevations of from 2,000 to 5000 feet, extending
from Cape Mendocino to Point Conception, and the popular notion that mountain ranges
are confined to the land areas of the earth, are justification for this view. But in amore
comprehensive view, embracing all inequalities of the earth's surface both above and
below the sealevel, the western margin of the mountainous area, the familiar portions
of which we call the Coast System, will have to be placed farther seaward. Off the coast
of California the sea-bottom slopes down to the 3,000-foot submarine contour at a mod-
erate angle and then plunges steeply to depths of over 12,000 feet. Beyond the foot
of this steep dope the sea-bottom has very flat gradients and the 15,000-foot contour is
far out to sea.  From the Oregon line to Point Conception the 3,000-foot submarine con-
tour, or the brink of the steep slope, lies df shore at a distance of from 15 to 35 miles;
but at Cape Mendocino and at the Bay of Monterey this line is found much closer in.
South of Point Conception this steep dope has the same general trend as to the north.
That is to say, it shows no embayment in its course corresponding to that at the Santa
Barbara channel and southward. This is particularly true of the course of the 6,000,
9,000, and 12,000-foot contours. The dope is by ho means uniform for its entire length.
From Point Arena to the latitude of the Golden Gate the grade is notably steep from
the 3,000 foot to the 9,000-foot contour. This is also true off Point Conception. From
the latter point southeastward the steep portion of the dope is from the 6,000-foot
to the 12,000-foot contour; and the same statement holds for the sope df San Simeon
Bay. In general, the steepest profile lies between the 6,000 and the 9,000-foot line.

This steep drop from the subcontinental platform to the broad floor of the Pecific
must be regarded as the geomorphic expression of a rather acute deformation of the
earth's crust, and those portions of the slope where the contours are crowded together,
as for example between Point Arena and the latitude of the Golden Gate, df San Simeon
Bay, df Point Conception, and df the platform of the Channel Islands, can scarcely be
interpreted as other than fault-scarps. The dopes at the localities mentioned are quite
comparable to the great fault-scarp which forms the eastern front of the Sierra Nevada.
At the base of the dope df the Channel Island platform, the recent dredging operations
of the Albatross brought up from a depth of 12,000 feet numerous fragments of rock
similar to the bituminous shale of the Monterey series of the southern Coast Range.
With this rock was found much asphaltum. This indicates that at the base of the sope
there are talus accumulations of so recent a date that they have not yet been buried by
oceanic sediments.

This line of acute deformation of the crust of the entire length of the coast of Cali-
fornia can not be ignored in any consideration of the orographic features of the region.
The slope referred to is doubtless devoid of those sculptural features characteristic of
mountains within the zone of erosion, and which we are too apt to look upon as essential,
but it constitutes nevertheless a notable mountain front rising from the floor of the
Pacific. It is the natural western boundary of the mountainous tract which we cal the
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Coast System.  The course of this mountain frdm -patioipafc’V/ iiL » ifdg curvature, with
convexity to the Pecific, observable in theA&M portion d) the Qe :Ranges; in the Great
Valey of Cdifornia, and in the Sierra:Nevada. - This.colwexity. toward .the Pacific. is,
it may be observed in passing, characteristic-ofi-thei cLomiijiait -tectonic lines  about the
border of that great ocean. It is very marked m the:Aleutian:belt,; inKuriles, in the
Japanese Ies, in the festoon extending from.Formosa thru the Philippines, the Moluccas,
and Java to Sumatra, which is convex to. both.the Pecific- and the:Indian Oceans; and
in the chain including the Sdlomon Islands, the New Hebrides, and New Zealand. It
isdso apparent in the trend of the Sierra Madre Occidental and Sierra Madre del Sur of
Mexico, and in the course of the Andes thru, Colombia, Ecuador, and Peru.

Having indicated the east and west boundaries of the Coast System as their dominant
structural lines, we may now consider those features which pertain to the internal struc-
ture of the mountain tract. Here we must first take note of the coast line. The coastal
dope of Cdifornia characteristicaly rises abruptly from sea level to elevations of from
2,000 to 5000 feet within a short distance from shore, from Cape Mendocino to Point
Conception, with certain notable breaks in its continuity which are susceptible of specia
explanation. If along the shore line at the base of this abrupt dope we draw straight
lines which are tangent to the headlands or chords to the minor embayments of the
coast, these lines fal into two farly constant orientations and clearly bring out the
fact that the shore line has in redlity a zigzag course, due apparently to the alternate
control of two systems of structural lines, one of whichis between N. 37° W. and N. 40°
W., and the other between N, 10° W. and N. 15° W, thus intersecting at an angle of
about 26°.  Under this scheme of discrimination of the orientation of different portions
of the coast line, the bearings of the fallowing divisons may be thus listed:

" BEARING OF * | DISTANCE IN GEO-
LOCALITIES. MEAN LINE, - | GRAJPHICAI MILES.| -

Cape Mendocino to Punta Gorda . . . . N. 12° W. 14
Punta Gorda to Shelter Cove . . . .- N.40°W. i 25
Shelter Cove to Point Arena N.10° W. 64
Point Arena to Golden Gate, thru Tomales

Bay. . . N. 40 W. 0]
Golden. Gateto Pigeon Point » | N. 15° W. 40
Pigeon Point toward Santa Cruz N. 40° W. 21
Point Pinos to Point Sur L N. 13* W. . 19
Point Sur to Port Hartford N. 37° W. 89
Port Hartford to Point Conception N, - 6° W. a

Now it is difficult to regard any considerable portion of the abrupt coastal slope of
(Mifornia between Gape Mendocino and.Point Conception as other than a more or less
degraded fault-scarp.  If this view be accepted, it is clear that the trend of the coast and
its geomorphic profile have been determined by two systems of faults meeting or inter-
secting at an angle of about 26° oatheir strike. Making some allowance for diff reces-
sion, the base of both systems of scarps must lie some.little distance of shore and be
buried by the notable embankment of littoral sediments which concedls the true profile
of the submarine rock surface.

Of the two systems of faults thus recognized as controlling the trend of the coast, one,
viz. that which bears N. 37° W. to N. 40° W.; conforms, as will be shown later, more or
leas elosdy with the prevailing structural Iina such as faults, folds, and belts of igneous
rock found in the Coast Ranges, while the more meridional system is not a prominent
feature of the Coast Ranges. It follows that since the mean trend of the California coast
lies between the bearings of the two fault systems, the tectonic lines of the Coast System,
if folowed northwesterly, eventually emerge upon the.coast.. This obliquity of the
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tectonic lines of the Coast System toithe general- trend -of. the coast has long been familiar
to California geologists. and -has been particularly-noted-by Fairbanks,* but the probable
explanation of it has-not- heretofore: been’ set- forth.:. i .

- The coastal scarpiis interrupted:at a:number -of -points and in avariety of ways. The
most notable and interesting ‘interruption ‘is that of the-Bay of Monterey. This is not
only an embayment of the coast, but is a depression in the:Coast Ranges extending down
over their- submarine portion to the-12,000-foot contour below sea-level. It brings the
3,000-foot ‘submarine contour' well inside the generd line of the coast. This submarine
valley has been regarded by some- writers’ as'a-submerged valley of subaerial erosion,
but there is little warrant- for: this view :and  much' that conflicts with it. The valley of
the Bay:of Monterey, subaerial and submarine,:is:a synclinal trough the axis of which
is approximately normal to.the trend: of the:coastiand of the Coast Ranges as a belt.
In the axis of ‘the syncline, and  probably paralel to it; is-a fault seen in the canyon
between Pajaro and Chittenderi, :which:brings down the Tertiary rocks on the north side
against the. pre-Cretaceous grariitic rocks. of: the Gavilan Range. Another interruption
of the continuity of the coastal scarp is at the' Golden Gate.-- Here the Coast Ranges have
been locally deprest and the land valleys which were formerty drained by atrunk stream,
where the Golden Gate now is, have been flooded by the waters of the ocean. The axis
of this depression is, however, not. well. known: . A third, apparent rather than real,
interruption of .the coastal scarp occurs at-the place where the Point Reyes Peninsula
projects out beyond the general line of the.coast. . Inside.of the peninsula, however, there
is.along narrow valley, the northern end of whichis occupied by Tomales Bay and the
southern end by Bolinas Lagoon, which separates it: from. the mainland proper; and to
the east of this valley the coastal scarp rises with exceptional boldness.

The coastal scarp has had its profile modified in many places by wave-cut terraces
formed during the uplift of the coast by stages in Pleistocene time, as previously stated.
The relation of: the coastal scarp to deformed basins of Merced - (late Pliocene) strata
indicate that it -originated, in its essential--features, at the period of orogenic activity
which brought the Tertiary to a close. - South -of - Point Conception the twofold system of
faults which determines the configuration - of ithe coast gives-out and we enter upon a
region of probably more complicated structure. The Santa Barbara channel appears to
lie in ageosynclina-trough between the Santa Y nez range and the island chain from Ana-
capa to-San Migud.. On the northeast side of San Clement© is a sharply defined fault-
scarp, indicating that the idand is a portion of an uplifted and tilted orographie block.
The fault along which the scarp has been formed probably extends as far as the east
sde of Santa Barbara Island. San Clemente-Island presents a magnificent series of
wave-cut terraces up to an elevation of 1,500 feet: San Pedro Head is similarly uplifted
and terraced, while the intervening island, Santa Catalina, shows no evidence of corre-
sponding uplift, but has on the contrary been deprest. On the whole, the channel
idand platform between the edge of the subcontinental shelf and the coast presents the
characters of a sunken mountainous tract, the inequalities of the surface of which are
partly due to acute deformation and partly to erosionai  sculpture when the region was
above sealevel. A more detailed interpretation of the structure of this region is ren-
dered difficult by the absence of adequate soundings of the sea-bottom.

Granitic Rocks. =— Coming now to the consideration of the more important structural
features of the Coast System, in the territory between the coast and its eastern mar-
gin, it must be stated that even here our information is very scant. One of the most
important features of the Coast System from a structural point of view is the occurrence
of a belt of granitic rock having a very notable linear extent thruout the ranges. This
granite, as has been aready stated, appears, in the vicinity of Tejon Pass, both from

! Am. Geologist, Vol. xi, Feb. 1893, p. 70.
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its character and from the continuity of its exposure, to be identical with the granite
of the Sierra Nevada. To the south of the Mojave Desert, it is very extensively and
boldly exposed in the San Gabriel and San Bernardino Ranges and in other portions
of the Coast System, as far south as the Mexican boundary. It aso has broad expo-
sures in the comparatively low-lying desert floors of Southern California, as shown by
Hershey,' and in the Perris plain.

To the northwest of Tegjon Pass, this granite appears in a series of linearly disposed
areas extending thru the ranges. It forms a notable feature of the Santa Lucia Range
on the west of the Sdlinas Valley, and dso of the Gavilan Range to the east of the same
valey. The granite of the Santa Lucia Range runs out to sea at Point Pinos near
Monterey, while that of the Gavilan Range extends into Santa Cruz County and appears
on the coast at Point San Pedro, a few miles south of San Francisco. Farther north it
is seen in the Farallon Islands, the Point Reyes Peninsula, and on Bodega Head. The
Santa Lucia and the Gavilan thus expose two quite distinct lines of granitic outcrop,
practicaly parallel, and both crossng the genera trend of the Coast Ranges obliquely
and reaching the coast. Indeed, the easterly limit of all the granite of the Coast Ranges
crosses the entire breadth of the latter obliquely between the Tejon Pass and Bodega
Head. This ggnifies, of course, that whatever manifestations of crustal deformation
elevated these belts of granite, the lines or axes of such deformation were not coincident
in direction with the mean trend of the Coast Ranges, or with the mean trend of either
of the margins of the Coast Ranges. It is noteworthy, too, that al of the Coast Range
granite as far south as the vicinity of Tejon Pass lies to the southwest of the Rift aong
which the movement occurred which generated the earthquake of April 18, 1906.
It is further noteworthy that near the northern end of the granite belt at Tomales Bay
and Bodega Head, the Rift actually follows the line of contact between the granite on
the west and the sedimentary rocks which are faulted against it. These facts suggest
that very probably the Rift is smilarly situated in the more southern Coast Ranges
with reference to a deeper-seated contact between granite and sedimentaries; in other
words, that the eastern edge of the Coast.Range batholith, whether that edge be an
original feature of the batholith or a feature determined by faulting, is with some degree
of probability the line which determines in part the course of the modern Rift. South-
ward from the vicinity of Tejon Pass, however, the Rift passes into the granitic terrane.

Folds. —The pre-Knoxville folds of the Coast Ranges are little known, owing partly
to the burial of the Franciscan rocks by later deposits, and partly to the complexity of
the structures where the rocks are exposed and the difficulty of discriminating the effects
of the earlier and the later movements; but chiefly owing to the absence of adequate
topographic maps, so necessary for such studies. The conspicuous folds of the Coast
Ranges are those which have been imprest upon the Tertiary and older strata together.
These are usually rather sharp and more or less symmetrical synclines and anticlines,
involving usually many thousands of feet of strata.  In some cases these are asymmetric
and even overturned, as in the Mount Diablo region, but they are never so closely apprest
as to induce general and important deformation of the internal structure of the rocks
affected. The folding has been effected without flowage, except perhaps localy where
oft clays or shales were involved, and there has been no development of slaty cleavage
or schistosity. In genera the axes of the folds have a northwest-southeast trend, but
there are numerous deviations from this rule and the axes of the minor folds are usually
more or less divergent, asis of course generally true. There is, however, a pronounced
paralelism in the dominant synclines and anticlines, the axes of which extend for many
miles. Severd of these are more or less oblique to the mean trend of the Coast Range
belt, and thus appear to be truncated on the coast line, or on the eastern margin of

! Bull. Dept. Geol. Univ. Gal., vol. 3, No. 1.
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the ranges. The coincidence of many of the larger valeys with a synclinal axis is very
marked.

Faults. — In the Coast Ranges there are numerous faults, but our knowledge of them
is limited, owing to the small amount of geologica mapping which has been done in the
region. With the extension of cartographic work, many more than are now known will
doubtless come to light. Of those at present known, the great mgjority have a genera
northwest-southeast strike, but there are several minor faults which trend transverse
to the general strike. The faults of the Coast Ranges, as well as those of other parts of
Cdlifornia, are indicated, as to position and extent, on Map No. 1. A summary reference
to them is dl that will be here attempted.

The most northerly fault of the Coast Ranges is one which Mr. 0. H. Hershey cadls
Redwood Mountain fault. It is an overthrust, according to Mr. Hershey, heading to
the northeast and having a throw of probably over 5000 feet. It trends southeast
along the southwest flank of South Fork Mountain for scores of miles, and doubtless
determines the very straight trend of this great ridge. Parallel to it, on the southwest
side of Redwood Creek, near Acorn, there is another fault having a throw of at least
1,000 feet, according to Mr. Hershey. Its extent is unknown. The precipitous south-
west front of Mount St. Helena has been shown by Osmont * to be a degraded fault-
scarp; and the downthrow on the southwest side of the fault is estimated by him to be
not less than 2,500 feet. The western edge of the Sacramento Valey, from Benicia to
Cordelia, is probably determined by a fault with an easterly downthrow.

In the Mount Diablo region, there is a pronounced overthrust fold which causes Mio-
cene strata to rest upon Pliocene stratawith adip of 30° to 45° to the northeast. L ouder-
back's work on the structure of Mount Diablo has shown that this over-tipt fold passes
into athrust fault whereby a considerable proportion of the mountain has been shoved
to the southwest.? The west side of San Ramon and Livermore Valleys is bounded for
the most part by a steep mountain wall at the base of which, near Pleasanton, the Ter-
tiary rocks are faulted down against the Franciscan. This fault extends southward
thru Calaveras Valey and past Mount Hamilton. Its general courseis about N. 35° W.
It has an extent of at least 60 miles and may be very much longer. In the Berkeley
Hills to the east of this there are many minor faults, both overthrust and normal, which
will not be described in detail. In the Mount Hamilton Range, between the crest and
the Santa Clara Valley, there are several faults, notably the Misson Creek, Misson
Peak, Mount Hamilton, and Master's Hill faults, which have a more or less regular
northwest-southeast trend; and there are severa shorter faults transverse to these, and
of variable strike.

The valley of the Bay of San Francisco and its prolongation southward in the Santa
Clara Valey L jounded on the northeast side by a range of hills which presents a very
even, straight, and on the whole, but littie di. acted, front to the southwest. This even
front extends from near Point Pinole, on San Pablo Bay, to the vicinity of Hollister, a
distance of about 100 miles, forming a very striking geomorphic feature of the Coast
Ranges. At Berkeley and Oakland, and southeast of the latter, there is evidence that
this even front represents a somewhat degraded fault-scarp, or series of scarps, and this
interpretation may with very probable truth be placed upon it for its entire extent.
Near Berkeley the slope of this degraded scarp is traversed by supplementary step faults,
which are not improbably characteristic of it in other places; so that in regarding the
feature as a fault-scarp it is not intended to apply that term too narrowly, but to include
rather the idea of a zone of acute deformation traversed by step faults. This line has a
course of about N. 35° W. North of San Pablo Bay, on the geographic prolongation of
the line, a similar feature, tho by no means so straight, is found on the east side of the

1 Hull. Dept. Geal., Uiuv. Cal., val. 4, No. 3, p. 78. * Results not yet published,
C
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Santa Rosa and Russian River Valleys up to about Cloverdale. Here, however, evidence
of faulting is lacking, atho it is known in places to be aline of flexure. Along the base
of this line of scarp, between Oakland and San Jose, occurred the fault which caused the
earthquake of 1868. It may be referred to as the Haywards fault, from the fact that it
passes thru that town.

An interesting and important fault traverses the peninsula of San Francisco, a little
south of the city. The course of this fault can not be precisely determined, as its trace
at the surface is obscured by Pleistocene and recent deposits.  Its approximate position
is a the southwest base of San Bruno Mountain, with a strike of about N. 43° W. By
this fault the Merced strata, which are well exposed on the sea-cliffs south of Lake Merced
to the thickness of over a mile, are dropt down against the Franciscan rocks, the throw
being estimated at not less than 7,000 feet. To the northeast of the main fault, and
close to the face of the mountain, is an auxiliary fault, and between these two faults
there is a block of the Franciscan which has dropt only to a limited extent, and which
is of the same character as the kernbuts of the Kern River.! The bold and precipitous
southwest face of San Bruno Mountain is thus a fault-scarp with two facets, one for the
main fault and the other for the auxiliary, both being wel exprest in the geomorphic
profile of the mountain. This fault-scarp appears to be the southern prolongation of the
scarp which forms the coastal steep dope to the north of the Golden Gate, and seems
to converge upon the San Andreas fault, df the Golden Gate, making a very acute angle
with it. It afords an excellent illustration of the general fact above aluded to, that
the northwesterly members of the fault system controlling the configuration of the
coast are prolongations of fault-lines within the Coast Ranges. Knowledge of the
extent of this fault, altho its throw is so notable, is limited to the peninsula of San
Francisco.

Outside of Fort Point, at the Golden Gate, and a little south of the point, is a very
well exposed fault which appears to strike southeast across the city of San Francisco.
The fault is nearly vertical and has a throw of at least some hundreds of feet, whereby
the serpentine on the north has beer dropt against a formation of radiolarian cherts.

The most interesting fault traversing the Peninsula of San Francisco is the San Andreas
fault, on which movement was renewed on April 18,1906, causing the earthquake. The
extent and course of this fault are described in detail elsewhere. To the southwest of
the San Andreas fault, on the Peninsula of San Francisco, and in the Santa Cruz Moun-
tains, are severa other faults of notable extent. Of these may be mentioned the Fifield,
Pilarcitos, Castle Ridge, Butano, Boulder Creek, and San Gregorio faults, al of which
are important features of the structure of the region.

On the southwest side of Montara Mountain is a very precipitous seaward slope, at
the base of which strata of Miocene age are tilted at rather abrupt angles against the
granite. The strata of arkose sandstone at the base till rest against the original floor
of deposition, but it is difficult to see how such an acute uplift could take place in a
granite massif without deformation of the granite. Such deformation might take the
form of plastic flow if it were sufficiently deep-seated, or it might find its expression, in
a zone of faults; and as there is no evidence of plastic deformation, it is concluded that
the uplift of Montara Mountain was effected by faulting within the granite, the same
deformation appearing as flexure in the stratified rocks which flank the mountain on
thisside.

Northeast of the San Andreas fault are the Belmont and Black Mountain faults, the
latter a branch from the San Andreas fault. In the gap between the Santa Cruz and
Gavilan Ranges is a fault followed by the canyon of Pajaro River near Chittenden, which
drops the Tertiary formations on the north against the pre-Franciscan granitic rocks of

*Bull. Bept. Gedl., Univ. Ca_, val. 3, No. IS.
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the Gavilan Range on the south. This fault is interesting for several reasons. it lies
approximately in the axis of the geosyncline of the Bay of Monterey; it is transverse
to the San Andreas Rift and intersects it; and it is near the place where the surface rup-
ture of the San Andreas fault ceased on April 18, 1906.

South of the Bay of Monterey, one of the dominant structural lines of the Coast Ranges
is the Santa Lucia fault, at the base of the Santa Lucia Range on the border of Salinas
Valley. It is traceable from the vicinity of Bradley to the Bay of Monterey and it is
probably the chief factor in determining the course of the Salinas-Valley and the steep
easterly front of the Santa Lucia Range. Near its southern end, the Santa Lucia fault
is paraleled on the southwest by another fault which probably determined to some
extent the course of the valley of San Antonio River. Farther south a fault parallels
the last two, between Dove and Templeton; and to the southwest of this lies the much
longer fault which passes close to San Luis Obispo, extending from near San Simeon to
the drainage of the Santa Y nez.

The northeastern flank of the San Emidio Range, at the southern end of the great
valley, is with little question a fault-scarp. The same may be said of the north flank
of the Santa Ynez Range and the south flank of the Santa Monica Range. The San
Gabriel fault, which bounds the range of that name on the south, branches from the San
Andreas fault near San Bernardino and follows the base of the range with an east-west
trend. Beyond Pasadena it bends slightly to the north and extends thru to the coast
in the vicinity of Carpenteria. Near Pasadena a branch fault leaves it, with a north-
westerly strike, on the northeast side of the Verdugo Mountains. Southeast of Los
Angeles, the most notable faults are the San Jacinto and Elsinore faults, both of which
have very pronounced scarps. There are, however, several others. All the faults in
this region have a northwest-southeast strike, and are thus in contrast to the system of
faults extending from Point Conception to the Colorado Desert aong the Sierra Madre,
in which the dominant trend is east and west.

The foregoing summary enumeration of the more important faults at present known
in the Coast System of mountains makes it clear that the San Andreas fault, upon wEich
movement took place on April 18, 1906, is not a singular or unique feature of the struc-
ture of these mountains. It is only one of many faults, on all of which in time past
there have occurred many differential movements, each productive of an earthquake.
Map No. 1, upon which the above faults are represented, |nd|cates other faultsin Cali-
fornia, Nevada and Oregon at present known to geologists® Perhaps the most
interesting of these, from the present point of view, is the fault at the eastern base of
the Sierra Nevada, upon a portion of which the movement took place that caused the
earthquake of 1872. The map may be regarded as a preliminary attempt to bring
together, in cartographic form, our knowledge of the position of faults in this region.
A full discussion of these features, with references to the literature bearing upon them,
would be out of place here, altho their occurrence suggests seismic possibilities.

GEOMORPHIC FEATURES.

Certain of the geomorphic features of the Coast Ranges, particularly as regards their
margins, have necessarily been alluded to in the discussion of the structure. It is pro-
posed here to describe quite briefly the salient characters of the rdief, in their relation
to the structure.

The Coast Rangesin general between the coast and the Great Valley and north of Santa
Barbara Channel, comprl ze a series of ridges and interveni ng valleys of mature aspect

In com| |I|n9 the data fo\t-th.e repreeentatlon of the faults of Ca|forn|a, free use has been marie of
|nformat|on dly %p b;{ W. Turner, W, Lindgren, W. C. Mendenhdl, H. W. Fairbanks,
S. Diller, P. M. Anderson, 1t. Arnold J. C. Branner, G. D. Louderbaek, andO . Herahey.
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The ridges exhibit for the most part a pronounced paralelism in a direction more or less
oblique to the mean trend of the coast and of the Coast Ranges as a belt. The highest
of these ridges rarely exceed 5,000 feet in altitude and their crests usually range between
2,000 and 4,000 feet above sea-level. Rarely the tops of the ridges are more or less flat,
presenting the character of a rolling upland, the rule being that the crests are deter-
mined by the intersection of the valley dopes on either side. In the northern Coast
Ranges, however, it is generaly true that the ridge crests over wide areas reach about
the same altitude and give the observer the impression of a dissected upland of fairly
uniform and gentle dope. The valeys in which the streams flow are usually wide-
bottomed in the softer formations and narrow in the harder rocks. In such portions
of the region as have been geologicaly examined, it appears clear that the courses of
these streams are closdly, tho of course not wholly, controlled by the strike of the rocks
or the strike of faults. The general scheme of drainage is that which might be termed
subsequent, the streams having adjusted themselves to the structural lines, and having
been greatly extended by headwater erosion along those lines at the expense of original
consequent streams, traversing the region transversely to the trend of the structure to
the sea on the one side, and to the Great Valey on the other. This interpretation is
rendered more plausible by the fact that, in a genera way, the broad structure of the
Coast Ranges appears to be that of a geanticline, with various subordinate folds, the
dissection of which by erosion reveals the Franciscan rocks in the central portion of the
ranges, flanked on either side by rocks of later age. This interpretation appears to be
quite acceptable for the Eel River and its various branches, which constitute the chief
drainage of the northern end of the region. This drainage has al the characters of a
subsequent system, and is in harmony with the mature aspect of the ridges and valley
dopes. All the numerous tributaries of the river flow in longitudinal valleys, parallel
or subparallel to one another, and connected by short transverse streams cutting thru
the intervening ridges; and the course of the longitudinal valleys is that of the strike
of the rocks, being, like the latter, oblique to genera trend of the Coast Range belt.
Thruout this region, within the hydrographic basin of the Eel River, there are below the
crests of the ridges numerous instances of high valeys and broad, more or less obscure
terraces, representing an inheritance from earlier stages of the geomorphic evolution of
the region, when it stood at lower levels than at present. These have been described
it- \ valuable paper by Diller.!

between the headwaters of Edl River and the Bay of San Francisco the interpretation
of the drainage as subsequent is not so certain, altho here the general geomorphic profile
is even more mature than it is on the north, a fact referable to the softer character of
certain geological formations which prevail. Here we have, as before, a system of stream
valleys, notably Russian River Valley, Sonoma Valley, Napa Valley, and Berryessa, and
Clear Lake Vadlleys, which are clearly evolved by stream erosion under the control of
structure.  The transverse connecting link from one longitudinal valley to another, which
is so characteristic of subsequent drainage, is not apparent on the maps, but its absence
may be more apparent than real. The lower stretch of Russian River, from Healds-
burg to the sea, has the appearance of a transverse stream tapping a longitudinal valley
of very mature character, and may be the remnant of an origina consequent stream.
This view, however, is open to the objection that the lower stretch of Russian River
near the sea has a more youthful aspect than might reasonably be expected under the
hypothesis. On account of the rather immature character of the transverse outlet of
Russan River, it has been suggested that it is of later date than Russian River and
represents a small stream which has cut its way back from the coast and captured the
waters of the river, which formerly went to the Bay of San Francisco, the capture being

1v.s <1 S Bulletin, 196.
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facilitated by the deformation of the region. The offsetting consideration to this objec-
tion, based on the less mature aspect of this part of the valley, is that it traverses much
harder rocks than are found in the wider valley above. Inaword, the view that the lower
transverse stretch of Russian River may be the remnant of an original consequent stream,
from which, by subsequent development, has been evolved the longitudinal Russian River
Valley, has not yet been satisfactorily negatived.

Somewhat similar features occur on the east side of the Coast Ranges. Cache Creek
and Putah Creek, draining longitudinal valleys within the Coast Ranges, both emerge
upon the Great Valley thru transverse gorges in the Blue Ridge, the most easterly of the
Coast Ranges. These transverse gorges can scarcely be regarded as other than conse-
guent trunks crossing a hard barrier within which, in softer formations, longitudinal or
subsequent valleys have been evolved. The apparent absence of the transverse connect-
ing links between Napa, Sonoma, and Petaluma Valleys is explained when it is recalled
that while the streams draining these valleys flow directly to salt water, they neverthe-
lessflow to a drowned valley. The trunk stream trench from which Petaluma, Sonoma,
and Napa Creeks are subsequent branches lies below the waters of San Pablo Bay. In
general, Santa Rosa Valey (lower part of Russian River Valley), Petaluma Valey,
Sonoma Valley, and Napa Valey have been evolved by erosion along synclina axes.
This fact also tends to weaken their interpretation as due to subsequent development by
headwater erosion; since, if the synclinal folds were exprest as troughs at the surface
at the time of the folding, then the drainage would have been both consequent and
parallel to the structure.

Coming farther south, the valley of the Bay of San Francisco and its extension in the
Santa Clara Valley is a large feature in which deformation and erosion have probably
played equal rdles. Its trend is strictly determined by the Hay wards fault line pre-
viously described. Southward from Hollister, the valley loses its breadth and passes
into the much more constricted valley of the San Benito River, draining the Coast Ranges
to the east of the Gavilan Range. The Bay itsdf and its inland extensions aford a
magnificent illustration of a drowned valley-land due to subsidence of the valley-bottoms
below sea-level.

Livermore Vadley, a few miles to the east of the Bay of San Francisco and separated
from it by the ridge of the Berkeley Hills, is avery noteworthy feature. It is a broadly
expansive alluviated valley, bounded on the west by the degraded fault-scarp which
limits the Berkeley Hills to the east; on the east by the slopes of Mount Diablo; and on
the south by the dopes of Mount Hamilton. On the north it is open by way of the wide
and low San Ramon Valley to Suisun Bay, and the northern portion of the valley
drains thisway. The greater part of the waters which come to it from Mount Diablo
and from Mount Hamilton, however, are carried df by Alameda Creek thru Niles
Canyon, a narrow gorge which transects the bold ridge separating it from the Bay
of San Francisco. Alameda Creek has a hydrographic basin of 600 sguare miles,
and it is a remarkable fact that it finds its outlet across the strike of the range thru
a bold ridge, instead of following the wide open valley leading directly to Suisun Bay
with no barrier in its path. It is a fair inference that Livermore Valey is structural
rather than erosiona in its origin and that, anterior to the acute deformation of the
region, the drainage was conseguent in the path followed by Niles Canyon. The
deformation involved the uplift. of the Berkeley Hills and the complementary depres-
son of the Livermore Valley tract, and this deformation proceeded at arate which was
sufficiently dow to permit the stream, by downward corrosion across the rising mass,
to maintain its course. Alameda Creek in Niles Canyon is thus a remnant of the
consequent drainage of the region and is antecedent to the uplift which gave rise to the

Berkeley Hills.
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In the Coast Ranges between the Bay of Monterey and the Santa Barbara Channel,
the chief valleys are those of Sdlinas Eiver and its tributary, the San Juan; the Carissa
Valley, and the valleys of the Cuyama and Santa Ynez Rivers. Of these the Salinas
Valey is the largest. It is a wide, terraced valley cut by the river out of rather soft
Tertiary and later deposits, which appear to have been in part let down against the
older rocks of the Santa Lucia Range by the Santa Lucia fault. In its lower part it
lies between the Gavilan and Santa Lucia Ranges, and the trend thus established is
maintained by the main stream as far as San Migud. Beyond that the same genera
trend is continued up its tributary, the San Juan, and thence thru the Carissa Plains to
a point close to the southern end of the Great Valley. The eastern side of the upper end
of the valley, particularly the eastern side of the Carissa Plains, follows closdly the line
of the modern earthquake rift to be presently described; and there can be little doubt,
not only that in so far as the valley is an erosional feature its erosion has been controlled
by structural features, but aso that deformational processes have had a considerable
share in its evolution. The axis of the valley thus indicated is singularly straight and
has alength of about 175 miles. Its upper part, the Carissa Plains, is an arid plain with-
out drainage and contains avery sdinelake. Thisplain is asurface of alluviation. The
lower end of the valley opens widely on the Bay of Monterey and the fine stream terraces
which flank its sides aford an excellent record of the recent uplift of the region.

The vdley afords another striking illustration of the obliquity of the geomorphic
as wdl as the structural features to the general trend of the Coast Range belt, and their
constant tendency to emerge upon the coast. From the eastern margin of the valley
a the south end of the Carissa Plains, one can look down upon the Great Valley, near
Sunset, a fev miles distant; and only a narrow ridge separates the two valleys, altho
they differ greatly in altitude. From this point in its course of 175 miles, Salinas Val-
ley crosses the entire width of the Coast Ranges.  South of San Migud, the Salinas River
proper lies in aless open valley with north and south trend as far as Templeton, a dis-
tance of about 15 miles, and then opens out into a wider valley having a northwest-
southeast trend for about 35 milesto the headwaters of the stream. Several of the minor
tributaries of the Salinas show a marked tendency to the development of subsequent
valleys. On the oast side of the river, thisis particularly marked on San Lorenzo Creek
in Priest Valley, and on Chaome Creek in Chalome Valley. These comparatively large
valleys may be referable in part, however, to deformation, inasmuch as they are
on the line of the Rift. Their geomorphic history has not yet been studied. On
the west side of Salinas Valey the two chief tributaries, the San Antonio and the
Nacimiento, have developed wel-defined subsequent valleys in the heart of the Santa
Lucia Range.

In the valey of the Cuyama or Santa Maria River, the effect of a twofold structural
control is apparent. The upper reaches of the river flow thru a broad valley with an
alluviated bottom on the northeast sde of the San Rafael Range. The general trend
of the river in this part of its course is northwest-southeast, and it is separated from
the Carissa Plains by a high mountain ridge with a very precipitous southwest front,
which probably represents a fault-scarp. Below this expansive high valley, the stream
enters a rather narrow canyon and shortly after this bends at right angles and flows
southwest toward the coast, entering eventually on the broad Santa Maria Valley which
is open to the sea. The contrast in the geomorphic character of the upper and lower
reaches of the river, the greater age of the former, and the sudden change in the course
of the stream where the two types of geomorphy meet, suggests that the high valley of
the upper reaches was once connected with the Salinas drainage and that it has been
captured from the latter, in comparatively recent time, by a stream cutting back from
the coast at the northwest end of the San Rafael Range.
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In the valley of the Santa Ynez, there is a marked departure from the northwest-
southeast trend which characterizes the geomorphic features of the Coast Ranges in
general, and a more striking instance than any yet cited of the obliquity of those features
to the general trend of the Coast Range belt. The vaEey lies nearly east and west and
its general dope is southward to the base of the precipitous northern face of the Santa
Ynez Range. This face is, as has been indicated, a fault-scarp; and the course of the
valley is thus seen to be in intimate relation to this dominant structural feasture. To
the west the valley opens widely to the sea, while to the east it loses its individuality in
the headwater canyons of eastern Santa Barbara County and western Ventura County.

Between the Santa Ynez Valley and the upper Cuyama is the rugged and deeply dis-
sected country culminating in the San Rafael Mountains on the northern side of the tract.
This mountainous belt has a trend intermediate between the pronounced east-west trend
of the Santa Ynez Range and the northwest-southeast trend of the Coast Range ridges
and valleys to the north. For a portion of its length the belt is bounded on the south
by the Santa Clara Valley, with a general east and west course; but across the head-
waters of Santa Clara River the mountainous tract persists and finds its prolongation,
with the same general trend, in the San Gabriel Range, and beyond Cgon Pass in the
San Bernardino Range, both bold and lofty sierra. It may even be considered as ex-
tending, under the name of the Chocolate Mountains, to the Colorado River above
Yuma. From Tejon Pass southeast to Cgon Pass, the northern side of this mountain
tract presents a very abrupt front with avery straight course. At the base of the abrupt
slope lies the San Andreas Rift.  To the north of this, and between it and the southeast
scarp of the southern Sierra Nevada, lies the Mojave Desert. To the south of the south-
east end of the San Bernardino Range and west of the Chocolate Mountains lies the
Colorado Desert. As has been already indicated, the south side of the San Gabriel
Range is determined by a profound fault. Lying thus between two faults, the range is
a magnificent example of a horst which has been thrust up between its bounding faults.
It is the convergence of these two bounding faults which segregates the San Gabriel
Range from the San Bernardino Range in the vicinity of Cgon Pass. The latter range
is similarly bounded on the south by the same fault as that which determines the south
front of the San Gabriel Range, but here it is coincident with the Rift. Between Los
Angeles and Ventura lie the short ranges known as the Santa Monica and the Santa
Susannah Mountains, inclosing San Fernando Valley. The Santa Monica Range is
probably onthe sameline of orogenic uplift which finds its expression farther west in the
Santa Cruz and Santa Rosa Islands.

South of the San Gabriel Range lies the fruitful valley of southern Caifornia, extend-
ing with an east-west course from the seato San Bernardino. South of this valley, and
between the Colorado Desert and a somewhat elevated coastal plain bordering the
Pacific, is a mountainous tract, the ridges of which swing around into a more northwest-
southeast trend, and so conform again with the prevailing trend of the ridges and val-
leys of the Coast Ranges north of the San Rafael Mountains. The valleys in this region
are, however, less regular in their orientation than those of the northerly Coast Ranges,
and the geomorphic features are less mature, if we except certain very old features which
have survived from an earlier cycle of geomorphic evolution. The consequent char-
acter of the streams on the seaward dope is much more pronounced than in any part
of the northern Coast Ranges, and on the whole the geomorphy of the region must
be regarded as less advanced than to the northward, and more closdy adlied in its
morphogeny with the Sierra Nevada than with that of the Coast Ranges of northern
Cdlifornia

The notable ranges of this region are the Santa Ana Mountains and the San Jacinto
Mountains. The former present the features of a seaward doping, tilted, orographic
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block, with a very straight and abrupt fault-scarp facing the northeast and overlooking
the Perris Plain. This is an elevated, and as yet little dissected, peneplain with rem-
nants of Tertiary or later deposits resting upon it, indicating that it has, in part at least,
but recently been resurrected from a buried condition. In San Diego County the Santa
Ana Mountains find their prolongation in aless regular and broader group of ridges, but
doubtless the same tilted block structure prevails to the international boundary and
beyond, since the northeast scarp appears to persist in the same genera trend, and the
same type of consequent drainage characterizes the seaward dope.  Still east of the line
of the scarp in southern San Diego County, there is another orographic block, bounded
on the east by a very recent and very precipitous scarp looking out over the desert.*
To the northwest the range becomes subdued in the Puente Hills, where a broad anti-
clina structure replaces in part the deformation by faulting. In two notable instances,
and perhaps in others, the seaward streams of the Santa Ana Mountains cut entirely thru
the range and drain the valley-land beyond its northeasterly scarp. These are the
Santa Ana and the Santa Margarita Rivers. They are both probably antecedent to
the more acute phases of the tilting, of the region and have persisted in their course
during the development of the fault-scarp.

The San Jacinto Mountains form an important feature of the region as a bold ridge
with northwest-southeast trend lying between Perris Plain and the northern end of the
Colorado Desert. Both sdes of the range are precipitous and are probably determined
by faults. On the southwest side there were notable ruptures of the ground in the
earthquake of 1898, indicating that the fault on that side is till in active development.

! Verbd communication from Dr. H. W. Fairbanks.
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GENERAL.

Extending thru the greater part of the Coast System of mountains from Humboldt
County to the Colorado Desert, a distance of over 600 miles, is a line or narrow zone
characterized by peculiar geomorphic features, referable either directly to the modern
deformation of the surface of the ground or to erosion controlled by the lines upon which
such deformation has taken place. This peculiar feature has been known, both to Cali-
fornian geologists and to residents of the sections where its characters are most promi-
nent, but its extent and importance were not fully appreciated until after the earth-
guake of April 18, 1906. It is commonly reported among the residents of the southern
interior Coast Ranges, particularly in San Benito, Monterey, and San Luis Obispo
Counties, that displacement of the ground occurred on this line in the earthquake of
1857 and in certain later earthquakes. The first reference in scientific literature to this
feature appears to have been in the year 1893, in a paper entitled "The Post-Pliocene
Diastrophism of the Coast of Southern Cadlifornia," by Andrew C. Lawson, which is
quoted in the sequel.  The next reference to this peculiar line is in the eighteenth annual
report of the U. S. Geologica Survey for 1896-1897, Part |V, in a paper by Schuyler
on "Reservoirs for Irrigation,” where, pp. 711-713, the significance of the line is fully
recognized in the following words quoted in full:

This reservoir has especid interest, not only as the first one of any magnitude com-
Pletc_ad on the Mojave Desert or Anjtelorﬁ)e Valley side of the Sierra Madre in southern Cali-
ornia, but because it lies directly in the line of what is known as "the great earthquake
crack” of this region, which is marked by a series of smilar basins behind a distinct ridge
that appears to have been the result of the great seismic disturbance.

This remarkable line of fracture can be traced for nearly 200 miles thru San Bernardino,
Los Angeles, Kern, and San Luis Obispo Counties, and deviates but slightly here and there
from a direct course of about N. 60° to 65° W. There aﬂpears to have been a distinct
"fault" aong the line, the portion lying south of the line having sunken and that to the
north of it being raised in a well-defined ridge. In many places aong the great crack,
ponds and springs make their appearance, and water can be had in wels at little depth
anywhere on the south side of the ridge before mentioned. A tough, plastic, blue clay
distinguishes the line of the break, in this portion of its course at least; and where the
line crosses Little Rock Creek, the blue clay has formed a submerged dam, which has
forced the underflow near the surface and created a " cienega’ immediately aboveit. After
crossing the ling, the water of the creek drops quickly away into the deep gravel and sand
of the wash. The same effect is noticeable at other streams, and it has been suggested as
the probable cause of the very distinct rim marking the lower margin of the San Bernardino
Vélley artesian basin and confining its waters within well-defined limits, as thisrim is nearly
on a prolongation of the line that is traceable on the north side of the mountains —* the
break having crost the mountains thru the Cgon Pass on the line of Swartout Canyon.

In 1899 the essential features of the same line in the region north of the Golden Gate
were recoghized and discust by F. M. Anderson.> In later years Dr. H. W. Fairbanks
has traced out the line in various field trips and has given severa public lectures
descriptive of its features and its significance, but has published no systematic account
of his studies.

The fact that the earthquake of April 18, 1906, was caused by a rupture and dis-
placement of the earth's crust along this line for a distance of about 190 miles, immedi-
ately focussed the attention of local geologists upon it. Among those engaged upon

! The Geology of the Point Reyes Peninsula, Bull. Dept. Cledl., Univ. Cal., vol. 2, No. 5, p. 143 & $eq.
Anderson, however, supposed, as is indicated by the last paragraph of his paper, that the faulting ante-
dates entirely the Pleistoeene terrace formations.

25



26 REPORT OF THE CALIFORNIA EARTHQUAKE COMMISSON.

its investigation, it became known as the "rift line."  Since the earthquake it has been
traced as a geomorphic or physiographic feature from Himboldt County to the Colorado
Desert, with a possible gap between Shelter Cove and Point Arena, where, if continuous,
it lies beneath the Pacific. Its continuity hasvVhowever, been satisfactorily established
from Point Arena to Whitewater Canyon, -a the northern end. of the Colorado Desert,
a distance of 530 miles. Thruout this entire dlstance it'lies along deprc-ons or a the
base of steep sopes which are either the direct result of crustal displacement or of stream
erosion, operating with exceptional facility dong lines of displacement. There can be
no doubt that the displacements have been recurrent thru a considerable part, if not
the whole of Pleistocene time, and that in parts of its extent, & least, the movements
have taken place on fault-lines which originated in pre-Miocene time, The later move-
ments on this line have given rise to minor features which subaerial and stream erosion
have not yet obliterated, and it is these minor features chiefly which have attracted atten-
tion to the Rift by reason of their striking contrast with more common geomorphic forms
due to erosion. These minor features are chiefly low scarps and troughs bounded on
one or both sides by low, abrupt ridges in which frequently lie ponds or swamps of quite
small extent. _
A summary account will now be given of this rift line as a geomorphic feature.

HUMBOLDT COUNTY.

The most northerly point in Cdifornia at which geomorphic features directly referable
to the violent rupture of the earth's crust have been observed are those noted by Mr,
F. E. Matthes in the vicinity of Petroliain Humboldt County. -Here south of, Petrolia,
on high bare mountain spurs between Cooskie, Randall, and Spanish Creeks, he reports
the occurrence of several small ponds and ridges such- as have been familiar to those
engaged in the field study of the earthquake phenomena as characteristic Rift features.
Similar features are aso found at the base of these ‘spurs near the'shore. These are in
line with similar features found by the same observer between Telegraph Hill and’ Shelter
Cove, a few miles to the southeast. -Here, particularly :in Wood Guich (plate 1>.is a
narrow depression with ponds, ridges, and-saddles,; which appears to be essentialy -a
feature due to deformation and to have determl ned the course:of the drainage. The
course of the depression is about F. 25° W. ; In-this depression’lies the trace of ‘the
fault upon which movement took place on Aprll 18, 1906. Its course, if followed south-
ward to the diffs above Shelter Cove (plates 2A;, 3A, B); heads out to sea with a trend
nearly parallel to the coast. Great landslides occur: along the coast in” proximity -to
this line, and are in part on the Rift." The rocks traversed by the Rift in this part of
Humboldt County appear to consist wholly’ of shales; sandstones, and conglomerates
which are probably of Cretaceous age, atho since the geology of the reg|on has not been
studied, positive statements in this regard can.not be made. The region, is high and
rugged, with a very precipitous descent to the sea, Klng Peak having an elevatlon of
4,090 feet at a distance of about 2 miles from the shore S

POINT ARENA TO FCRT BOSS

From Shelter Cove to near Point Arena, the Rift, |f continuous, lies beneath the waters
of the Pacific. The continuity for this stretch isof course open to question, and iir another
place the considerations bearing upon this point will be presented. At the mouth of
Alder Creek, 4.5 miles northwest from Point Arena, the Rift enters the coast fromthe sea
and is thence traceable continuoudly to a point about 2 miles southeast of Fort Ross,
a distance of about 43 miles, with a nearly but not quite straight course, being slightly
curved with the convexity toward the ocean. (See map No. 2.) For our knowledge



PLATE |

A. Wood G-ulch, Humboldt County. The Eift near its northern end. A, S. E.

B, Another view of the Rift.

Wood Gulch. A.S E.



A. The Bift above Shelter Cove, Humboldt Comity. A, S. E,

B. The Eift on the divide between the upper Guaiala and the coast north of Port Rosa H.W. F,
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A, The Eift above Shelter Oove, looking northwest. The fault-tiaoe follows old diaatrophio
features. P.E.M.

O« Looking up Garcia Eiver along the Eift. F.E. M.

B. Northeast of Shelter Oove Eift in the middle ground. F.B. M.

D. Looking up Garcia Eiver aong the Eift.

F. E. M.



PLATE 4

A. Characteristic Rift features southeast of Fort Eosa. Figure on fault-trace, A, C. L.

B. Characterigtic Eift features southeast of Fort Eoss. Fault trace in foreground. A. C. L.
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of the features of the Rift for this part of its course, we are chiefly indebted to the
observations of F. E. Matthes and H. W. Fairbanks. For this stretch, its course is some-
what more meridional than the trend of the coast, so that it converges steadily south-
ward upon the shore line, and findly intersects it below Fort Ross. Between the mouth
of Alder Creek and the Garcia River the Rift is marked across a low, rolling country by
a series of depressions, swamps, and ponds, many of which are without outlet. At the
point where it intersects the Garcia River, the valley of the latter from that point up-
stream for a distance of 9 miles follows the Rift (plate 3c, D), and its course has with
little question been determined by the structural conditions inherent in the Rift. On
the southwest side of the valley the minor features of low ridges and swamps are com-
mon, and there are in places two sets of parallel ridges. From the head of the longi-
tudinal valley of the Garcia, the Rift passes over a sag in the mountains to -the Little
North Fork of the Gualala River. From this point southeast, the Rift follows the
common and very straight valley of the Little North Fork and the South Fork of the
Gualala. This valey is separated from the coast by a ridge varying in height from
300 to about 1,000 feet. The Rift follows the valley, or rather the valley follows the
Rift, for adistance of about 18 miles, and is characterized by the usual abnormal features
of low ridges, with elongated swamps and ponds between, extended paralel to the river.
The ridges again evince a tendency to appear in pairs, which is peculiarly marked near
Stewarts. North of Plantation House the Rift passes over a broad, swampy divide in
the coastal ridge (plate 2B), and at the House is marked by two small ponds. South
of the Plantation House is a series of swampy hollows extending toward Buttermore's
ranch. The latter lies in a broad, swampy saddle. From Buttermore's ranch south-
eastward the Rift is marked by a line of deformation traversing the uplifted wave-cut
terraces and seadiffs which are notable features of this part of the coast. Low ridges
with northeasterly scarps form barriers which pond the surface waters and give rise to
numerous ponds and small swamps or elongated hollows. Several small ravines and
gulches lie in its course, and occasionaly a landslide is clearly related to the path of
the Rift. Inthe vicinity of Fort Ross, the geomorphic forms of the Rift are particularly
well exemplified and a typical stretch of the latter is cartographically represented on
map No. 3. Low ridges up to 10 feet in height, some with mature rounded slopes,
others with abrupt slopes to the northeast, mark its course. Alined with these are
scarps which, by reason of their monoclinal slopes, can scarcely be called ridges. Behind
the ridges and scarps are pools and small swamps. Some of the small streams follow.
the Rift and have established notable ravines along its course. (Plates 4 and 5.)

With regard to the geology of the territory traversed by the Rift from the vicinity of
Point Arena to Fort Ross, Dr. H. W. Fairbanks has kindly examined the ground and
supplied the following note:

Except for a strip of sandstones (Walalla beds) of upper Cretaceous age extending aon
the coast north and south of the mouth of the Gualala River, and a triangular area o
Monterey shale and sandstone underlying the coastal terraces in the vicinity of Point Arena,
the rocks of almost the entire mountainous region between the upper Russian River Valey
and the coast belong to the Franciscan. _ There seems to be but one fault in this region, and
that is on the line followed by the Rift.  The Walalla beds begin upon the coast a little south
of Fort Ross and, extending inland, form the ridge between the Gualala River and the ocean.
The formation thins out against the ridge bounding the Gualala Vdley upon the northeast.
The line of junction is an irregular one, for in places the soft sandstones reach quite to the
top of the ridge referred to. These beds extend aong the coast to the northwest for more
than 30 miles, findly terminating 7 or 8 miles south of Point Arena, where they are overlain
by the Monterey sandstones and shales. The Rift does not follow the contact between the

aalla and Franciscan formations and the vertical displacement does not appear to have
been very great, as in only one place was it enough to bring up the underlying Franciscan
rocks upon one of its walls. _ The Rift, for something more than a mile after emerging from
the ocean southeast of Fort Ross, lies in the Franciscan formation, and the latter Is greatly
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crusht and broken aong it. Back of Fort Ross, the surface rocks traversed by the Rift
belong to the Wadla formation, and from this point for a number of miles to the north-
west no other formation appears.
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FIG. 1.— Gedlogicd section transverse to the Rift where it isfollowed by the Waldla (Guaaa) River.

At the point where the road from Stewarts to Geyserville crosses the Gudaa River, fault-
ing and eroson have exposed the underlying Franciscan formation. This appears upon
the northeast side, showing that the opposite side, that toward the ocean, has dropt.
The Franciscan occupies but a narrow strip and is replaced for some distance up the ridge
upon the northeast, by Walalla sandstones. These relations are shown in the cross-section
ketch shown infig. 1. Near the mouth of the Walalla River the formation upon the coast
sde of the Rift still appears to be the Waldla sandstones; the rocks upon the opposite
Sde are buried under the aluvium of the valley. After leaving the valley of the Garcia
River, the Rift lies wholly within the Franciscan formation until it disappears in the ocean.
The Monterey shaes with sandstones at their base form nearl%/ the whole of the coastal
terraced plain in the vicinity of Point Arena.  They rest unconformably upon the Francis-
can rocks and dip at a steep a_nﬁle to the southwest. The Monterey formation nowhere
gppears to come in contact with the fault.

BODEGA HEAD TO BOLIffAS BAY.

General Note. — From the point 2 miles south of Fort Ross where the Rift in its south-
easterly course leaves the shore, it passes beneath the Pacific for a distance of 12 or 13
miles. Its observed course to the northwest of Fort Ross, if projected southeasterly
with a dight curvature, would strike the shore again at Bodega Head; and here it is
found on the low ground of the isthmus that connects the head with the mainland.
The Rift here coincides in position with a fault described by Osmont,* whereby the Fran-
ciscan rocks to the east are dropt down against the pre-Franciscan dioritic rocks of the
headland. Immediately to the east of the fault-trace is a marsh. Across the mouth
of the bay formed by the headland is a sandspit and the fault-trace should cross the spit
near its abutment upon the shore ling, but the drifting sands preclude its finding an
expresson here in geomorphic forms.

To the south of Bodega Head the Rift folows Tomales Bay (plate 6A) to its head near
Point Reyes Station. Thisis aremarkably linear inlet of the ocean lying between Point
Reyes Peninsula and the mainland, having a length of about 15 miles and not exceedin(%
a mile in width. It has generaly been regar led as a feature determined by a fault,
the same as that noted by Osmont at Bodega Head, whereby the Franciscan rocks of
the mainland were brought against the pre-Franciscan granitic and dioritic rocks of the
peninsula.  The bay is quite shalow, but both of the slopes above the shore line are
rather precipitous, and the ridge crests on either side attain elevations of over 1,000 foot.
On the mainland side of the bay there are some rather vaguely defined terraces, both in
the form of wave-cut benches and delta embankments. On the same side of the bay
there are marine deposits of late Pleistocene age, containing abundant molluscan remains
which have been elevated to about 25 feet above sealevel, and which are the equivalent
of smilar deposits at a similar elevation on the east. side of San Pablo Bay.

Y Hull. Dcpt. Geol., Univ. C4., vol. 4, No. 3,
2 Cf. Anderson, Geology of Point Keyes Peninsula, Bull. Dcpt. Geol., Univ. Cal., vol. 2, No. 5.




PLATE 5

Characteristic Rift features near Fort Ross, Old scarps accentuated by new fault,

Undrained ponds.

F, E. M,



THE SAN ANDREAS RIFT AS A GEOMORPHIC FEATURE. 29

To the south of Tomales Bay the Rift lies in a remarkable defile with abnormal and
ill-adjusted longitudinal drainage, which extends thru to Bolinas Bay, a distance of
about 14 miles. On the east side of the defile is the steep coastal dope of the mainland,
rising to a ridge crest from 1,000 to 1,700 feet in height. The transverse gullies in this
dope are shalow, and detract but little from the general effect of a fairly regular but
uneven steep slope.  On the west is an even steeper but more incised and rugged slope,
which forms the eastern edge of the peninsular land mass. This dope culminates in
crests having an altitude of about 1,500 feet. The most striking geomorphic feature
of the bottom of the defile is the presence of low ridges with intervening ravines or gul-
lies elongated parallel to the general axis of the depression. More or less hummocky
surfaces, with hillocks and hollows having no regular orientation, also occur. In the
hollows ponds are fairly common features. The chief drainage is to Tomales Bay by
Olema Creek, which heads within 2.5 miles of Bolinas Lagoon; and the divide between
this stream and the parallel one which flows to the southeast has an altitude of about
400 feet above sealevel. The southeast end of the depression is submerged beneath
sea-level, and is cut of from Bolinas Bay by a sandspit. The very shoal water inside
of the sandspit is known as Bolinas Lagoon. (See plate 6B.)

The rocks on the east side of the defile belong wholly to the Franciscan series. On
the west side, at the north end, we have chiefly the granitic and dioritic rocks of the
peninsula with limited masses of crystalline limestone into which these rocks are intrusive.
Farther south the granitic rocks are overlain by the shales of the Monterey series, and
these rocks form the west side of the defile for several miles. The shales have inconstant
and often very high dips. Still farther south the sandstones of the Merced series lie
unconformably upon the Monterey shales, and near the town of Bolinas dip uniformly
at moderately low angles toward the axis of the defile. It is thus apparent that the axis
of the defile crosses more or less obliquely or transversely the contact between the Mon-
terey and the granitic rocks, and aso the contact between the Merced and the Monterey.
It is aso aremarkable fact that altho on the east side of the defile the Franciscan rocks
constitute the mountain mass to a thickness of severa thousand feet, this entire series,
together with the Knoxville, Chico, Martinez, and Tejon, is amost entirely absent be-
tween the Monterey and the granitic rocks on the peninsula in the immediate vicinity.
This indicates clearly that in pre-Monterey time the peninsular mass had been uplifted
on a fault along the present coastal scarp, so that the granite was brought against the
Franciscan and denuded of its unconformable mantle of sedimentary strata before it
was submerged to receive the deposits of Monterey time. It is aso clear that inasmuch.
as there is a great volume of Monterey shales on the peninsular or seaward side of this
fault line, and no trace of the same formation on the mainland to the east of the fault line,
one of two things must have happened. Either the submergence which permitted the
deposition of the Monterey shales was confined to the peninsula and was effected by a
downthrow of that block on the same fault as that upon which it had earlier been upthrust,
so that there was no sea over the territory east of the fault; or, if the regions on both
sides of the fault were submerged together, then in post-Monterey time the east side of
the fault was lifted into the zone of erosion and denuded of its covering of Monterey
shales so thoroly that no trace of them now remains. There is no escape from one or
the other of these conclusions, and each of them involves a movement on the fault with
relative downthrow on the southwest side, or the reverse of that which occurred in earlier,
pre-Monterey time. From this interpretation it follows that the defile extending from
Tomales Bay to Bolinas Bay lies aong the trace of a fault which dates from pre-Miocene
time, and that upon this fault there have been large movements in opposite directions
so far as the vertical component of such movements is concerned. The trace of this
ancient fault is aso the line of the modern Rift.



30 REPORT OF THE CALIFORNIA EARTHQUAKE COMMISSON.

The dip of the Merced beds at Bolinas toward the Franciscan rocks of the mainland
is quite anaogous to the dip of the same beds toward the Franciscan of San Bruno
Mountain on the San Francisco Peninsula,* and has the same significance, viz., that the
Merced beds have been relatively downthrown on the west against the oIder rocks.
The fault in the Tomaes-Bolinas defile has usually been regarded as identical with and
a continuation of the San Bruno fault of San Francisco Peninsula, and there seems to
be no good reason for changing this judgment, altho, as will appear shortly, the modern
Rift to the south of the Golden Gate does not coincide with the trace of the San Bruno
fault, but leaves it at a small angle and pursues a course nearly parallel, but to the
southwest of it. It is noteworthy, also, that while on the Point Reyes Peninsula, par-
ticularly in the vicinity of Bolinas, there is a magnificent wave-cut terrace at an altitude
of about 300 feet, with a width of 1 to 15 miles between the base of its ssa-diff and the
brink of the present sea-diff, no such feature is to be found on the landward side of
the fault-line on the coastal scarp between Bolinas Lagoon and the Golden Gate.

Characteristics of the Rift (G. K. Gilbert, pp. 30-35).— In a broad sense the structural
trough in which lie the two bays is a feature of the great Rift. In a narrower sense
the Rift follows the lowest line of the trough, controlling the topography of a belt
averaging 0.75 mile in width. The physiographic habit of the trough is that of a
depression occasioned by faulting. It is remarkably straight. One wall, the south-
western, is comparatively steep; the other is comparatively gentle. The gentler slope
is an inclined plateau with incised drainage. Viewing the trough from any command-
ing eminence, the physiographer readily frames a working hypothesis of faulting and
tilting. He sees in the southwestern wall a fault-scarp of moderate freshness, and in
the northwestern wall a dope originaly less steep, in which erosion has been stimulated
by uplift and tilting. The general facts of the geology of the district, as worked out
by Anderson/ agree with this theory. The axial line of the valley is recognized by
him as the locus of a fault, or fault-zone, and the rocks of the southwest wall are every-
where older than those which adjoin them at the base of the opposite dope. The
gentler dope is wdl shown by plate 7A. Plates 8B and 41B aso show something of
the gentler dope, and plate 7B of the bolder.

In a general way the two dopes are drained by streams which descend to the axis of
the valley, and are there gathered in two longitudinal trunk streams which flow severally
to Tomales Bay and Bolinas Lagoon; but in a central belt following the lowest part of
the trough the details of drainage are comparatively complex, and their complexity
is associated with peculiarities of the rdief which serve to distinguish the central belt
from the bordering dopes. In the bordering dopes the subordinate ridges conform in
normal manner to the drainage, having evidently been developed by the erosion of the
canyons which separate them. In the axial belt the ridges are evidently independent of
the drainage, often running athwart the courses which would normally be followed by
the drainage. In part the ridges divert or control the drainage; in part the drainage
traverses and interrupts the ridges.

The influence of the ridges on the drainage is illustrated by the accompanying dia-
grams. Fig. 2 shows the actual drainage system; fig. 3 the system which would be
developed if there were no specia conditions along the axial zone. The small ridges of
the axial zone trend parallel to the axis, and their interference gives parallel courses
to various streams which would otherwise unite. The influence of the drainage on the
ridges is illustrated by fig, 4, which shows a small ridge resting on the side dope of a
larger ridge. The drainage of the larger ridge breaks thru the smaller, making gaps.
Plate 7B shows the dope of a greater ridge at the right; and at the left two bushy hills

1 Cf A Sketch of the Geology of the San Francnsco Penlnsula U S G. S, 15th annual report.
8 Geology of Point lluyes Peninsula, by F. M. Anderson. Bull. Dept. GeoL, Univ. Cal, vol. 2, No. 5.
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which are part of aflanking ridge dissected by cross-drainage. Theflanking ridge appears
aso in the distance. In plate 8A the flanking ridge is broader; in plate 9A it is more
nearly a terrace than a ridge.

Similar relations between ridges and drainage lines are found in regions of steeply
inclined strata, each ridge being determined by the outcrop of a resistant formation,
or a least all of the preceding description might apply to the topography of such a
region; but other characters remain to be mentioned, and these serve for discrimination.

FIG. 2—Drainage map of BolinasTnmaes Valey. Heavy broken lines show crests
of bounding ridges. Light broken lines indicate limits of Rift topography.

Where a steep-sided ridge is determined by the presence of a resistant formation, the
determining rock follows and usually outcrops along its crest; but in the ridges under
consideration there are few rock outcrops, and such as occur are not systematically
related to the crest lines. The formation of the crest is not aways the same thru the
whole length of the ridge, and it is not always a rock of such character as to resist erosion.
Between the ridges are linear valeys, and many of these are occupied by streams, but in
a number of instances they are crost by the drainage. Often they include loca depres-
sions, with ponds or small swamps, this character being so pronounced that forty-seven
such ponds were seen between Papermill Creek and Bolinas Lagoon, a distance of 11
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miles. (See plates 9B, 10, 43, 54A.) The valleys range in width from 20 qr 30.fpet to
about 500 feet, the majority falling -between 100 and 200. feet; and each of them is
approximately uniform in width, unless occupied by a stream N In a typ|ca| cross-
profile, the side of the valley is somewhat definitely disti ngurshed from the bottom by a
change of dope (see fig. 5), the distinction appearing at. one or both sides.. ',

In view of these characters, and. especidly of the abundance of ponds it is evldent
that these little valleys are not products of stream erosion; and that in so far as they
are occupied by streams the streams are adventitious. Their true explanation is stig-
gested by their relation to certain of the earthquake phenomena of April, 1906 As will

Fi«. 3.—Hypothetic drainage map of Bolinas-Tomales Valley, if developed wrthout
influence of Rift displacement. Compare fig. 2.

presently be described in detail, the trace of the earthquake fault thru the greater part
of its course in the larger valley follows the edge of one or another of these small valleys,
and in places where the fault movement included vertical dislocation, such dislocation
nearly always tended to increase the depth of the valley. (Bee plate 10B and fig. 6.)
Of the numerous minor or secondary cracks developed by the earthquake in the immedi-
ate vicinity of the main fault, a considerable proportion occurred at the edges of the Yitth*
valleys, following more or less closdy the line adong which the bottoni meets the side;
and with these cracks aso there was usualy a little vertical dislocation, the ground



PLATE 6

A. Looking aown Tomdes Bay from neex Olema H.W.F.

B, Looking down Bolinw Lagoon and Bay toward the Golden Gate. ViUage of Boli«'» foregromd. H.W.F.



PLATE 7

A. Looking north in the BolinasTomdes Yaley. G. K. &.

Fauli-sag and dde-Mil ridge sear Boadietti's rauch. Tte fault-trace follows sag and appear, at left of fidd. O.K.O.

By
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sinking a few inches on the side toward the middle of the valley. Thus-the surface
changes associated with the earthquake tended, within this belt, to increase the dif-
ferentiation of the land into ridges and valleys;, and it is easy to understand that the
inception as well as the perpetuation of the ridges and valleys was due to faulting.
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Fiu. 5. — Cross-profiles of fault-sags.

FIG. 4.—Map of side-lull FIG. 6\—Cross-profile of side-hill

ridge. sag shown in plates 7B and 10B.
Coallectively these ridges and valleys occupy a belt from 0.5 to 1 mile in width, and
constitute the local development of the Rift, using that term in its narrower sense.  They
make up the entire surface of the belt, except where overpowered by some vigorous
creek. The individual ridges are not of great length, being 2 or 3 miles at the most,
and usually much less. Some of them end by wedging out, others by dropping down
until replaced in the same line of trend by valleys. Their greatest height above base,
except where the adjacent valleys have been deepened by erosion, is about 150 feet.
The narrower have straight, acute crests; the broader have undulating backs with
more diversity of form than is shown by the associated valleys. Some are crost by
curved or straight depressions, and these depressions have al the characters of the

paralel valleys, including the association of earthquake cracks.

FIG. 7—'Cross-profile of Bolinas-Tomales Valley. Vertical and horizontal scales
the same. RR-=Iimits of Rift. P =valley of Pine Gukh Creek running SE.
0 = valley of Olema Creek running NW.

In the remainder of this report the term Rift will be applied only to the narrow belt
just described. Regarding it as the surface expression of a great shear zone or compound
fault, the ridges are the tops of minor earth-blocks, and the valleys are in part the tops
of relatively deprest blocks and in part depressions resulting from the weathering of
crusht rock. Considering the Rift as a physiographic type, | find it convenient to have
a specific name for one of its elements, the small valley; and in some of the descriptions
which follow | shall speak of it as afault-sag. (See plates 7B, 8A. and 11.)

The genera relation of the Rift to the greater valley is illustrated by the cross-profile
in fig. 7. Along its northeastern side it everywhere lies lower
than the adjacent dope of the greater valey, the produced
profile of the valley slope passing above the fault-ridges as well
as the fault-sags. Along its southwestern side some of the fault-
ridges appear to project above the restored profile of the greater
valley, while the fault-sags lie below. If | interpret the struc- Fio. a—idea sectj<>n
ture correctly, the great compound fault concerned in the making ?ﬁé"fg p'fgﬁlg?{]r?f‘go;‘d'
of the valley trough — a fault of which the vertical didocation o
amounts to several thousand feet—includes a certain amount of step-faulting, which

B
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is responsible for some of the western ridges of the Rift belt; but with that exception,
the ridges and sags of the Rift are occasioned by the unequal settling of small crust
blocks aong a magnified shear zone. (Fig. 8)

The limits of the Rift are not definite. The boundaries drawn in fig. 2 serve to
indicate the belt in which the Rift structure dominates the topography, but do not
indicate the limits of the Rift structure. Within the belt the dislocations have been so re-

T ]
T~

T~

Fio. 9— Crossprofiles of the Rift arranged in geographical order with the most northerly at
top and northeast ends a theright. Postions of fault-trace and its branches are indi-
cated. The profiles are copied from fidd sketches made without measurement.

cent and of such amount as to keep ahead of weathering and erosion, so that their expres-
sion has been little dimmed by the processes of aqueous sculpture. Outside the belt the
evidences of recent didocation are less striking, but nevertheless exist. The inter-stream
ridges of the northeastern dope are here and there indented and creased in such away as
to iiitlicate recent faults of small amount trending parallel to the Rift. In the vicinity



PLATE 8

1. Pauh-sag 6 miles south of Olema, looking

northwest. The drainage crosses the )
sag from right to left, Q.Z.g,

B. Bide-hin ridge 4 milgy sauth of (lems

looking northwest,



PLATE 9

A, Side-hill ridge i miles south of Olema, looking southeast. G. K, Q-

B. Eift tepsgraphy, with pond, a mij« $mtk ef OS«a, lookiag seatleagt. Q, K. G.



PLATE 10

A. Eift topography, with pond, near Bondietti's ranch, looking southeast. G. K. G.

B. The fault-trare near Bondietti'a ranch, looking west. Ilkitrafes the aisociatios of Terticd displacement with
faait-sags aad ponds. G. K. Gh



PLATE I

A. Pault-sag 2 miles soutli of Olema, looking southeast, &.K, G.

B. Fault-sag 3 miles &oah of Olema, looking aentheut. G. K. G.
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of both Bolinas Lagoon and Tomales Bay such features grade into didocation terraces of
greater magnitude, which originated at earlier dates but may have been recently accentu-
ated. There are also narrow terraces of displacement on the comparatively steep face
of the ridge southwest of the Rift, and at two points there are minor crests and asso-
ciated canyons paralel to the main crest and to the Rift. So little is known of the local
details of geologic structure that a different explanation of these creases, terraces, and
spurs is not altogether barred; but their physiographic relation to the Rift features is
so intimate as to leave little question in my mind of their genetic similarity. Assuming
that they are correctly explained as the product of minor faulting of only moderate
antiquity, they serve to connect the great trough containing the bays with the narrow
belt of peculiar and striking topography, and indicate these as parts of a single great
phenomenon — a belt which has been the locus of complicated fissuring and dislocation
during the later geologic epochs.

MUSEHEL ROCK TO PAJARO RIVER.

From Bolinas to the vicinity of Mussd Rock, about 8 miles south of the Golden Gate,
the course of the Rift is beneath the waters of the Pacific, across the bar in front of the
entrance to the harbor. Near Mussel Rock it intersects the shore at a great landslide
(plate 12A) in rocks of the Merced series. At Mussel Rock, the basal beds of the Merced
series rest directly upon an old land surface of worn-down Mesozoic rocks, and the basal
bed contains abundant cones of Pinus insignis resting upon cemented alluvium. The
cone-bearing bed immediately underlies marine strata and numerous fossls occur near
the base of the series at the top of theridge. The Merced strata here have a dip of about
15° to the northeast. The contact between the Merced and the older rocks trends south-
east across the peninsula; and for some miles the Rift is approximately coincident with
the trace of the contact and, for some portions of this distance, exactly so. From the
shore line the course of the Rift is the same as that of the steep diffs which rise at the
back of the Mussd Rock dide to an altitude of over 700 feet. From the top of these
cliffs, at an elevation of about 500 feet above sea-level, the course of the Rift as far as
San Andreas Lake is marked by a line of shallow longitudinal depressions, ponds, and
low scarps. (See plate 12B, 13, and 14.) There are eight ponds in this stretch of about
45 miles. This portion of the modern Rift was recognized as such in 1893}

At a point about 4 miles from the Mussdl Rock dide, the longitudinal depression which
marks the course of the Rift becomes much more pronounced and passes into a remark-
ably straight and deeply trenched valley, the greater part of which has been converted
by large dams into the San Andreas and Crystal Springs Lakes, used as reservoirs by
the Spring Valey Water Company as water supply for the city of San Francisco. This
straight valley (see plate No. 15) has an extent of 15 miles with a steady course of
S. 34° E. to aflat divide southwest of Redwood City, whereby one passes over into the
end of a similar but less pronounced valley, in which are situated Woodside and Portola.
The San Andreas and Crystal Springs Lakes valley is amost whally in the Franciscan
terrane and the axis of the valley is discordant with the structural lines and contact
planes of its constituent formations and intrusive masses. At the upper end of San
Andreas Lake, however, the southwest edge of the Merced terrane forms in part the
boundary of the valley on the northeast side for a short distance. The valley as a geo-
morphic feature (plate 16A) dates back fairly wel into the Pleistocene. It is drained

! "The line of demarkation between the Pliocene and the Mesozoic rocks, which extends from Mussel
Rock southeastward, is in part also the trace of a post-Pliocene fault. The great dide on the north side
of Mussel Rock is near the land terminus of this fault-zone, where it intersects the shore line.  Movement
on this fault-zone is still in progress. A series of depressions or sinks, occupied by ponds, marks its
course.  Modern fault-scarps in the Pliocene terrane are features of the country traversed by it." The
Post-Pliocene Diastrophism of the Coast of Southern California, by Andrew C. Lawson, Hull. Dept.
GeoL, Univ. Cdl., vol. 1, No. 4, pp. 15U-151.
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by San Mateo Creek whichflowsin a sharp gorge thru the wider part of the broad, flat-
topt ridge which separates the valley from the Bay of San Francisco. This stream is
regarded as a relic of the origina consequent drainage of the northeast dope of Montara
Mountain, which became superimposed upon the Franciscan terrane by the denudation
of the overlying soft and little coherent Merced formations.  From this consequent
trunk the valley in which San Andreas and Crystal Springs Lakes now lie was evolved
by subsequent erosion dong the line of the Rift, its present features dating from a period
in the Pleistocene later than the remova of the Merced formations. A small portion
of the upper end of the valley has been captured by the headwater erosion of San Bruno
Creek.

To the southeast of Crysta Springs Lake, the valley followed thus far bifurcates about
2 miles beyond the lake, on either side of a median ridge. The two branches are nearly
pardld. The east branch rises to a wide and rather flat divide, with streams heading
in it from both sides. The other branch, altho it is more incisive, has no well-defined
stream, but has a small swamp at its lower end. It rises to a sharper divide, from which
there is a descent into the narrow straight canyon of West Union Creek. It is this
western depression that the Rift follows Near Woodside the canyon of West Union
Cresk expands into a more open valey, with steep mountains on the southwest and
lower hills on the northeast. The Rift fdlows this straight valley (plate 16B) to its
southeastern end, and then ascends to the saddle which separates Black Mountain from
the mountains to the west. From this saddle it descends to the narrow canyon of
Stevens Creek. It crosses the canyon at a small angle near its upper end and paralels
the cregk on the southwestern sde, at an elevation of about 500 feet above it. It then
pasxs thru the saddle between Stevens Creek Canyon and Congress Springs, and keeps
wdl up on the dopes to the west of Congress Springs behind a series of shoulders and
knolls to a reservoir on a saddle thru which it passes. From this saddle southeastward
the line of the Rift again lies dong the southwest side of a longitudina valley and so
continues on a line independent of the present drainage to the pronounced notch in the
crest line of the range at Wright Station.

In this stretch of the Rift from Crystal Springs to Wright, the coincidence of the Rift
with the mgor geomorphic feetures is very striking for the first half of the distance.
In the second hdlf, if we judge by the fault-trace, it appears to be quite independent of,
tho pardld to, the canyons, and its only manifest relationship to the geomorphic fea
tures is its coincidence with a series of saddles or windgaps in the transverse spurs of
the mountains. Its genera paraldism with, and proximity to, the crest of the range
thruout the entire stretch is pronounced. In the notch at Wright, the Rift intersects
the crest line and passes from the northeastern flank of the range to the southwestern.

The generd features of the Rift from Wright to Chittenden are described by Mr. E. S.
Larsen in the following note:

From the hills above Wright Station to the village of Burrell, a distance of about
2 miles, the Rift follows aong the ridge above Los Gatos Creek, which drains to the
east. The drainage of the western dope of the ridge is to the Pecific. For most of this
distance the Rift is a short distance on the Los Gatos Creek side. It usually occupies a
small, trough-like depression; or, where it cuts just above the heads of the small gullies,
there are low, rounded knolls between the gullies. These knolls are seldom over 30
feet higher than the trough. Just southeast of Burrell, the Rift traverses the ridge and
folows a gully into Burrell Cresk, which it crosses. It continues in a southeasterly
direction, parallel to the creek and about hafway up the ridge to the southwest of it.
The devation of the ridge is only about 400 or 500 feet above the creek bed, and the top
if rounded, with a steep dope bdow this to the Rift, and a gentle dope below the Rift



PLATE 12

A. Grea landdide at Mussd Eook, where the Eift enters the Ooadt from the Paoifio. H, 0. W,

B. Looking northwest along the Eift. The ianddlide is jwtt beyond the bonne H. 0. W.



PLATE 13

B
Oharacteriitic ponds dong the Eift soatht«t of Massd Bock. H, 0. W.



PLATE 14

Features of the Rlft betwoen Moasal Bock end S8an Andreas Lake, H.D.W.
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to the creek. Near Burrell the dope is very gentle at the Rift, for from 20 to 50 fest,
but is steep above and below. Looking up the Rift and the creek from this point, one
gets the impression of a long straight creek, but in reality the view is over the divide,
down a small tributary of Soquelle Creek to its junction with the main stream and thence
up the main Soquelle Creek. About 2.5 miles from Burrell the Rift follows a small
gully into Soquelle Creek, which it crosses where the creek makes a sharp turn to the
west. For the next 4 miles, or to the point where the new county road crosses the divide
between a branch of Soquelle Creek and Eureka Creek, it follows near the top of the
timbered ridge to the southwest of Soquelle Creek. The heavy timber obscures the topog-
raphy, but the Rift, wherever crost, is marked by a bench or trough on the hillside.

Following the Rift to the southeast, it passes at the divide into the head of Eureka
Canyon, rises on the northeast bank, and sowly gets farther away from the creek, cut-
ting across the tributary creeks and rarely following one of the smaller gulches for a short
distance. The typical section here gives a steep dope on the high hills to the northeast,
then about 0.25 mile of gently sloping, rolling hills, and finally the steep dope to the
creek itsdf. The Rift is on the gentle slope, generally a some distance from either of
the changes in dope. This continues for about a distance of 2 miles on to Grizzly
Flat. Here the high steep hills to the northeast are separated from the lower hills to
the southwest by a flat about 500 feet across. The Rift is on this flat near its center,
and usually marks the northeast boundary of a series of low knolls. It continues on the
flat for about 0.5 mile to where the hills close together and leave a rather steep-walled
gulch. The Rift follows up this gulch for about a mile, and then crosses into the head
of another creek, which it follows down for about 3 miles, where the stream turns sharply
to the north.  For the upper mile the gulch is rather sharp and deep, but at Hazel Dell
the hills on both sides are low and rolling, while the lower mile is again rather steep,
opening at the turn to arather flat country. At Hazel Dell and other points, the Rift
occupies a small but distinct trough very near the southwest bank of the creek. From
here to Chittenden, a distance of about 8 miles, it follows parallel to Pgjaro Valley, well
up on the hills, and cuts across the canyons at aimost right angles.

The typical section up one of these ridges gives a gentle dope from the valey to an
elevation of about 1,000 feet; a steep dope for about 50 feet in the opposite direction,
which marks the Rift; a very gentle slope for about 1,000 feet across, and finally, the
steep upper dope of the hills. Over this area the Rift is nearly aways marked by a
trough, which often givesrise to a small lake perched onaridge betweentwo steep canyons.
At a few points, especially about a mile northwest of Chittenden, small streams and
gullies tend to follow the Rift, and they then make a sharp turn where they leave it.
At Chittenden the Rift again passes thru a pronounced notch in the crest of the range
occupied by the canyon of Pajaro River (plate 17A), from the western flank of the domi-
nant ridge of the Santa Cruz Range to the eastern flank of the Gavilan Range.

The rocks traversed by the Rift from Mussel Rock to Pajaro River are, so far as known,
almost wholly confined to the Franciscan and Monterey series, the former prevailing in
the northern part and the latter occurring only in the southern. At Pgaro River the
Rift encounters the granitic rocks of the Gavilan Range, but these lie wholly on its
western side.
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PAJARO RIVER TO THE NORTH END OF THE COLORADO DESERT.
BY H. W. FAIRBANKS.

The earthquake of April 18,1906, opened and displaced the walls of the old fault along
the Rift as far south as the town of San Juan in San Benito County. The fault-trace
passes directly under the western span of the Southern Pecific Railroad bridge across
San Juan River, as shown by the displacement of the piers at the end of the bridge, a
distance of 3.5 feet. For a distance of nearly haf a mile on either side of the bridge,
the river has established itsdf in the Rift. To the northwest the steep dopes of Mount
Pajaro facing the canyon do not show any regular fissure. This does not, however,
indicate any discontinuity in the fault, for the surface of the whole mountain is more or
less broken by auxiliary cracks, secondary fissures, and dlides.

Southeast over the hills from the point where the Rift leaves the river, the character-
istic features of the Rift maketheir appearance. It ismarked by asmall pond (plate 17B),
springs, and a more or less continuous ridge with its steeper face toward the southwest.
The fissure of the recent earthquake follows this series of features (plate 18A), and, at
a point hafway between the bridge and San Juan, there is shown in a broken fence a
horizontal displacement of 4 feet. A mile before reaching San Juan, granitic rocks are
exposed upon the southwest side of the Rift.  Shortly beyond this point the Rift leaves
the hills and traverses the western edge of the valley of the San Benito River. The ridge
which we have been following is now lost in the level floor of the valley, but as far as
traceable its course is directly tow'ard the low bluff upon the eastern edge of the town of
San Juan. The fissure of the recent earthquake is to be seen where it crosses the road
0.5 mile northwest of San Juan, but has not been noted farther along the old Rift line.
It appears to bend more easterly, and this probably connects it with the disturbances of
the earth between Hollister and San Juan. Mr. Abbe, of San Juan, states that the
earthquake of 1890 opened the old Rift and that the displacement of the walls, tho small,
was in the same direction as in the recent earthquake.

The town of San Juan stands upon a bench of gravel which dips gently in a south-
westerly direction, but upon its northeastern side presents a steep face which, near the
old mission, has a height of about 50 feet. This bluff is marked thruout its length of
0.5 mile by several springs; and there can be little doubt that it owes its existence to a
fault movement uplifting and tilting toward the southwest a portion of the floor of the
valey, and that it thus originated in the same way as other similar features which we
shall find to be characteristic of the Rift. The Rift leaves the valley southeast of San
Juan and gradually rises dong the eastern dope of the Gavilan Range. It intersects
the head of San Juan Canyon, and has here given rise to an interesting modification of
the drainage. San Juan Canyon islong and narrow and is formed by the union of several
small streams which, rising upon the higher dopes of the range, pursue a normal course
toward the San Benito Valley, until reaching the Rift, they turn northwest and dlightly
away from the fracture line, giving rise to San Juan Canyon. At the point where the
Rift. intersects the canyon, the narrow ridge between the canyon and the valley has been
broken thru, and the whole drainage passes directly down the mountain, abandoning
the canyon, which is now filling with delwis fan material.

For about 10 miles southeast from the head of San Juan Canyon, the Rift follows the
eastern dope of the Gavilan Range. It is marked by small valleys and gulches, by
hollows and ridges upon whoso sides oak trees are growing; and it is followed almost
continuously by a wagon road. One of the most interesting features along this portion
of the Rift is Green Vadley, a broad cienega due to the filling up with gravels and silt
of a valey lying close under the steeper portion of the Gavilan Range. There are two
fault-lines bdow the valey and about 0.25 mile apart. The cienega is due to vertical
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PLATE 16

A. The Eift valley between Sen Andress |ake and Crystal Springs, looking southwest. ~lt-trace paallel to fence
about 50 fest beyond. Auxiliary cracks in the foreground a an angle of 40° with it. J U.B.

B. The Eift mhj 5 milel west of Stanford Unirenlty. Faalt-traoe in fowgroand. Per J. OB.



PLATE 17

A. The Eift fdlowed by tie Pgaro River at Ohittenden, Didocated bridge supported by fase work. H.W. F.

B. The Eift a mile soatheast of CiitteadsE, Poad oa gpper dope of hill. H.V.F.
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displacement along the upper line, which has raised a ridge of the old crystalline rocks
across the valley. This dam must first have given rise to a lake, but as this filled up
with the wash brought down from the mountains, a marshy meadow took its place. The
oldest resident in the district says that the earthquake of 1868 formed a smal lake in
the lower portion of the cienega. The great body of gravelsfilling the old valley acts as
an important reservoir of water. The city of Hollister has taken advantage of this fact
to secure a water supply. By tunneling thru the rock barrier, the gravels are reached
and the water led away in pipes.

The Rift comes out upon the San Benito River 4 miles above Paicenes P.O. For
several miles up the river from this point, the Rift line is masked by the recent flood
plain. Above Mulberry P.O., and just before coming to the bridge across the river, a
most striking and interesting feature appears. Upon the east side of the river, and
separated from it by aridge, is a narrow depression hadf a mile long and 75 feet deep,
without any external drainage. The ridge between it and the river extends a mile
northwest of the sink, and presents a steep face to the northeast. The road passes aong
the eastern base of the ridge and opposite the sink makes use of its even crest. The
river makes a sharp bend at the bridge, and the Rift crosses to the west side.  Faulting
has here brought to the surface, upon the west side of the Rift, limestones associated
with the crystalline schists and granitic rocks of the Gavilan Range.

In order to follow the Rift beyond the mouth of Willow Creek, we |leave the San Benito
River road at the mouth of the creek and follow to its head a long narrow canyon which
has evidently been eroded on the line of fracture. At the head of the canyon we come
out upon a bit of open rolling country which, but for alow ridge, would drain into the
San Benito. This ridge has evidently been raised aong the Rift, diverting a stream
which would naturally be tributary to the San Benito, so that now it forms the head of
Bear Creek and flows down past the Chelone peaks into the Salinas River. Severa
undrained hollows (plate 18B) mark the Rift as it follows the ridge between Bear Valley
- and San Benito River. The formation of both walls is probably of Tertiary age up to
a point near San Benito P.O., where the Franciscan series constitutes the southwest side
and the Tertiary the northeast. South of San Benito P.O., there is a considerable area
where the surface has been much changed as aresult of some one of the movements along
the old Rift. A fertile valley, perhaps 0.5 mile long, appears to have been formed thru
subsidence, while on the southwest is an abrupt ridge 20Q feet high and fully a mile long.
The ridge without doubt has been produced by faulting” Its abrupt northeastern face
and long, gentle, southwesterly sope suggest in a remarkable manner the great fault
blocks of the west, such as the Sierra Nevada Range. The ridge gradually sinks in a
southeasterly direction, blending with Dry Lake Valey. The latter is about 2 miles
across and has no external drainage. The fault-scarp already mentioned extends as a
low ridge part way across the valley and is utilized by the road.

Looking southeast across the valley in the direction which the Rift pursues, a moun-
tain is seen which seems to have been sharply cut off. Descending a narrow valley to
the southeast of Dry Lake Valley, we reach the foot of a steep escarpment (plate 19A)
where there are apparent two, and possibly three, lines of displacement. The middle
one passes at the foot of the main diff, which is between 400 and 500 feet high. It
can not be said with certainty that the whole diff is the result of faulting, altho it is
certainly so in part. The formation in the diff is sandstone of either Tertiary or Cre-
taceous age. About 5 miles northwest of Bitterwater there is an interesting valley which
has been so disturbed that it has no external drainage, while thru its center passes a
ridge formed aong the Rift. The ridge forms a fine roadbed. Descending toward
Bitterwater Valey and P.O., another ridge appears which is as even and regular as a
railroad grade. Bitterwater Valley is occupied during the wet season by a marshy lake.
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The depression is probably associated in some manner with one of the movements along
the Rift. Upon the eastern edge of the valley there is an escarpment about 100 feet
high, due to an upward movement upon the northeast side of the Rift.

Southeast of Bitterwater, the Rift leaves the younger formation, and at Lewis Creek
both wdls are in the Franciscan rocks. For 20 or 25 miles now, the peculiar features
of the Rift by which we have followed it are almost absent. The Franciscan series,
including old sedimentary rocks, serpentines, and other basic igneous rocks, does not
lend itsdf wdl to the preservation of such records, but appears to be greatly broken and
crusht and marked by enormous landdlides in the vicinity of the Rift. The Rift crosses
Lewis Cresk about 2 miles above its mouth and then passes up over a high ridge lying
between Lewis Creek and San Lorenzo Creek.  On the north side of Lewis Creek there is
an. enormous landdlide, which has nearly blocked the valley. The dide is undoubtedly
hundreds of years old. The ridge onto which the Rift passes after leaving Lewis Creek
is crost by it at such a smal angle that it does not reach the southern base until we get
to the head of Peach Tree Valley, a distance of 20 miles. The ridge its whole length is
shattered and broken, and, as before said, marked by innumerable rockslides. The rather
steep dopes appear to move every wet season.  The headwaters of the San Lorenzo
Creek (Peach Tree Valey) have been robbed by Gaviota Creek, possibly as a result
of some movement connected with the Rift. Just above where the stream has been
diverted, there is another great landslide which the road crosses to reach Slack Canyon.

At the mouth of Slack Canyon, the Rift leaves the Franciscan series, and coincides
again with an ancient fault in which the Miocene sandstones are thrown down upon the
southwest against the older formation just referred to.  Passing from Slack Canyon over a
divide, we cometo the headwaters of Indian Cresk and Nelson Canyon.  As the Rift oc-
cupies steep dopes much of this distance, it is distinguished chiefly by landslides and rapid
gullying of the surface.  In Nelson Canyon the Rift follows an old fault in which the Mio-
cene formation has been thrown down upon the southwest side, and the northeast wall so
raised that the granite on which the Franciscan series rests is exposed. Ascending the
divide toward the head of Nelson Canyon, a long, nearly straight ridge of Miocene clays
divides the drainage and appears to be due to some one of the movements along the Rift.

The Rift can be traced thru the hills at the head of the Cholame Valley by its character-
istic features, as well as by bluffs which are undergoing rapid erosion. It crosses the road
a mile west of Parkfield and exhibits here a regularly rounded ridge 200 feet wide and
20 feet high at the most elevated point. (Plate 19B.) That the ridge must be hundreds
of years old is shown by the great oak trees that are growing upon it. One white oak is
fully 8 feet thru. Large springs mark thefissureat this point, and are found aong it the
whole length of the CholameValley. Accordingto a resident, the Rift opened along the
ridge in the earthquake of 1901, the opening being distinctly traceable for several miles.
Southeasterly from the point just described thru the Cholame Valley, there appears no
very prominent ridge or escarpment, altho springs and cienegas, marking a gentle swell
in the flat open surface of the valey, indicate the line of the Rift.

The region about Parkfield, in the upper Cholame Valley, has been subjected to more
frequent and violent disturbances than almost any other portion of the entire Rift. An
auxiliary fissure begins near the main Rift a little west of Parkfield, and extends in a
more easterly direction dong the east side of Cholame Creek. (See plate 20.) The once
iat, open valey has been broken aong this line, and a bluff nearly 200 feet high formed
facing the Cresk, This bluff, now deeply eroded, must have been formed during one of
the oMes disturbances. The lowland between this bluff and Cholame Creek shows the
effect of great disturbance over a considerable area.  Innumerable hollows interlace and
extend in dl directions. They resemble nearly obliterated creek beds except that they
have no outlets. Paralel with the front of the dissected bluff, but a little back from



PLATE 18

A, Looking northwest adong the Eift 3 miles southeast of Ohittenden. H. W. P.

B. Ponds alosg lift near Sen Benito. H. W. P.



PLATE 19

A. The Eift 2 miles oTith of Dry Lake Valley, San Benito Oouuty. H.W.F.

B. Andent scarp <@ the line of the Rift a mile weit of Parkfieid, Cholane Valey. H.W.F.



PLATE 20

A A branch of the Rift 2 mil& southeast of Pakfidd, Oholame Valey. H.W.P.

B. Another view of th» same. H. W. P-



PLATE 21

Ai Rift, northeast Sde Oarissa Plain, A. 0, L., Jan,, 1906. B. Eift, northesat aide Oariss, Plain. A. 0. L., Jan., 1906.

0, Eift, northeast sde OarissaPlain. A. 0. L., Jan., 1906. D. Eift, jnst beyond southeast end OarissaPlain, A. 0. L,, Jan., 1908.

E. Eift, jnst beyond southeast end Carissa Plain.  A. 0. L., Jan., 1906. F. Eift, just beyond southeast end Caisssa Plain.  A. G. L., Jan., 1906.
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its upper edge, are two parallel lines of faulting, probably made at a later date than
the bluff itsdf. A small lake occupies a hollow in one. The dopes of one of these V-
shaped depressions are quite steep, pointing to a comparatively recent origin.

The people living aong the Rift for 150 miles southeastward from the Cholame Valley
tell wonderful stories of openings made in the earth by the earthquake of 1857. The
first settler in Cholame Valley was erecting his cabin at that time, and it was shaken
down. The surface was changed and springs broke out where there had been none before.
In 1901 afissure opened in the road which crosses the branch fault just described.  After
each successive shake it is reported that the fissure opened anew, so that the road had
to be repaired again in order to be passable.

Upon the western side of the Cholame Valley, near its southern end, the main Rift
again exhibits an interesting bluff which cuts df the debris fans of the back-lying hills.
This bluff faces northeasterly. Where the Rift crosses the creek as it passes out of the
Cholame Valley, alow escarpment was formed upon the west side which must for atime
have dammed the creek and givenrise to alake. From the outlet of the Cholame Valley
the Rift line can be seen as it rises along the low rolling hills, and disappears over their
tops. It is marked by a distinctly steeper dope facing northwesterly, showing that an
uplift of 30 to 50 feet took place upon the west side. The region traversed thru the
Cholame Valley southeast to the Carissa Plain and for some miles beyond, exhibits no
older formation than the Miocene Tertiary, the effects of older faulting, if such has
occurred here, being masked by recent deposits. Continuing the examination toward
the southeast, the writer came upon the Rift at the northern end of the Carissa Plain,
4 miles northeast of Simmler P.O., and in direct line with its course where last seen.
Here the width of the broken country is much greater than usual, being nearly a mile.
A number of lines of displacement can be distinguished; some nearly obliterated, others
comparatively fresh. Thisis aregion of light rainfall and of gentle, grass-covered slopes,
presenting just such conditions as would preserve for hundreds of years the effects of
moderate displacements.

The Rift zone continues to be traceable along the western base of the Temblor Range,
finally passing out on to the gently rolling surface of the eastern edge of Carissa Plain.
Broken and irregular slopes, cut-off ridges, blocked ravines, and hollows which are white
with akaline deposits from standing water mark the Rift. Carissa Plain has a length of
about 30 miles. About halfway the Rift beginsto be marked by alow and nearly oblit-
erated bluff upon its northeastern wall. This is at first little more than a successon of
ridges or hills cut df on the side next to the level plains. These detached ridges finally
become connected in aregular line of hills with a steep but deeply dissected dape toward
the southwest and long gentle dopes toward the northeast. This ridge is clearly a fault
block, and now separates the southeastern arm of Carissa Plain from Elkhorn Plain. It
probably originated during some one of the earlier movements along the Rift; in fact,
it is reasonable to suppose that it is of the same age as other important scarps which mark
the Rift thruout its whole course, and which came into existence as a result of some
mighty movement opening the earth for several hundred miles.

Except for one dight bend, the ridge which we have been describing falows a straight
course toward the southeast for a distance of nearly 20 miles, findly blending in a much
larger mountain-like elevation. This has a height of perhaps 500 feet above the sink
at its southern base. Its deeply dissected front is in line with the front of the ridge
aready described and the two appear to have originated together. The steeper face is
deeply sculptured into gullies and sharp ridges, while the back dopes df gently toward
the southern end of Elkhorn Plain. Plainly visible aong the steep front of the line of
hills described are the lesser ridges and hollows produced during the last violent earth-
quake in this region, probably in 1857. (See plate 21A, B, C)
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A gentle divide separates the southern end of the Carissa Plain from a long narrow
sink extending along the Rift line toward the southeast. (Plate 21D, E, F.) This sink
includes an area 6 miles long and in places its drainage is fully 3 miles wide. Several
deprest akali flats, covered with water during the wet season, receive the scanty run-off
of this dry region. These depressions are several hundred feet wide and are bordered
upon oppodite sides by quite sharp bluffs, in some places 100 feet high. The phenomena
suggest the sinking of long narrow blocks between two walls. This reach of 6 miles
between the ranches of Job and Emerson is one of the most interesting areas examined.
The larger scarps belong to some ancient disturbance, while the last one, probably dating
from 1857, is marked by features comparatively insignificant.

As we ascend the long grade from the sinks just described, to Emerson's place, near
Pattiway P.O., the Rift features become smaller and less regular, altho easily followed.
(See plate 23A.) At Emerson's the Rift passes thru a sag in the hills and across the
head of Bitter Creek. It then rises and crosses a flat-topt hill between this creek and the
west fork of Santiago Canyon; and descending to the east fork keeps along the steep
mountain daope upon the south until it findly crosses the divide between San Emedio
Mountain and Sawmill Mountain. Thru this section the Rift gradually bends toward
the east, and in Cuddy Canyon, farther east, it has an east and west direction for a
few miles.

The Rift itsdf is scarcely distinguishable in Bitter Creek and Santiago Canyons, owing
to steep dopes and rapid erosion, as wdl as humerous landslides.  Santiago is one of the
deepest and narrowest canyons in this portion of the mountains. Its whole southern
dope, that traversed by the Rift, has been more or less affected by dides producing many
little basins dong the edge of the flat-topt divide between the drainage into the San
Joaguin Valey and Cuyama River. Huge masses of earth and rock are still moving,
as shown by fresh cracks and leaning trees. In one place the edge of the divide has
split away in such a manner as to produce long narrow ridges with depressions behind
them, closdy imitating the real Rift features. Santiago Canyon marks a great fault of
earlier times. Soft Tertiary formations are faulted down thousands of feet upon the
south side of the canyon, while upon the north appear the steep granitic dopes of the
western spur of San Emedio Mountain.

The Rift appears upon the north side of the pass which leads from Santiago Canyon
to San Emedio Canyon. Two lines of disturbance are here plainly visible. Going down
the west branch of San Emedio Canyon, the Rift zone is plainly traceable, but nowhere
does it form important features. Passing to the east fork of the canyon, we continue
on the line of the Rift to the divide leading over to Cuddy Valey. (See plate 22A.)
Beginning upon the divide, a broad rounded ridge, fully 50 feet high upon its southern
side, extends down the dope in a direction alittle south of east. Cutting thru the center
of this ridge longitudinaly is a deep V-shaped depression, as tho a movement later than
that which formed the ridge had opened a fissure thru its center. On the sides of the
ridge, as well as the dopes of the fissure in it, large pine trees are growing in an undis-
turbed condition. Continuing down the ridge, we find that in the course of a mile it
gives place to an escarpment facing northerly. A valley 4 miles long and 0.5 mile wide
lies bdow the escarpment and contains meadows and a small lake without any outlet.
Springs mark the Rift line. The escarpment has been much eroded, but toward its
eastern end it has a height of nearly 300 feet and is covered with a growth of pine trees
among which are stumps of large dead trees in an undisturbed condition. The valley
and the bluff are doubtless the product of the earliest movement in the epoch of which
we are treating. The last movement left a comparatively small ridge traceable here
and there aong the base of the greater.

Continuing on the line of the Rift, we enter and pass for 10 miles down Cuddy Canyon.



PLATE 22

A. Looking sonth-sontheast along tie Kift toward Onddy Valley from lead of San Emedio Canyon. H. W. F.

B. QOd fault-scarp in Eift. East end of Ceddy Valey. H.W.F.



PLATE 23

A. Looldng northwest along the Rift from Emerson's place, near Pattiwayi H.W."F.

B. Looking east dong the Eift from Gormen Station. The low scarp was probably mede in 18571 EW. P,



PLATE 24

A, Pond and soarp in Rift east of Gorman Station, H.W. P.

B. Lower Lake Elisabeth. In the Rift. H.W. F.
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A. Looking southeast aong the Eift hetween Lake Elizabeth and PAmdade. H.W. P.

B. Looking east dong the Eift »cap west of PAmdde. H.W.F.
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(See plate 22B.) The fissure follows its northern side for several miles and then, bending
a little toward the south, crosses the canyon and takes a course for Tejon Pass. The
granitic mountains upon the north of the canyon rise with exceedingly steep dopes, the
rocks of which have been thoroly shattered. Immense quantities of rock débris have been
brought down the gulches, building up in the main canyon a succession of large and steep
debris fans. So much debris has been carried down the canyon that it has been blocked
at the point where it turns toward old Fort Tejon, and has thus given rise to Castac Lake.
The Rift crosses the divide at the gap known as Tejon Pass. Here there are features due
to two movements. Descending a few hundred feet, we find oursdves in along valley,
extending about 10 miles in a direction a little south of east. Springs, marshes, and two
ponds mark the line of the Rift from Gorman Station easterly. (Plates 23B and 24A.)

At Gorman Station, several miles below Gorman, there is a wonderfully regular ridge
forming amarsh. In this vicinity the earthquake of 1857 isreported to have done much
damage, shaking down an adobe house and breaking up the road. The little lake upon
the divide halfway between Gorman Station and Neenach P.O. is due to de'tris brought
down from the hills upon the south thru which the Rift zone passes. The Rift follows a
very regular and straight course, a little south of east, along the mountain dopes south
of Antelope Valey. Thru the most of the distance, as far as Palmdale, it occupies a
saries of valleys shut df by considerable elevations from the open dopes of Antelope
Valey. After traversing the northern slopes of Libre and Sawmill Mountains, the Rift
crosses the head of Oak Grove Canyon, then another small canyon with branches east-
ward and westward along the break, and eastward of this along canyon opening out to
the fertile valleys about Lake Elizabeth.

Lake Elizabeth and Lower Lake (plate 24B) are both due to the blocking of the drain-
age of two valleys extending along the Rift. These valleys lie on the sope of the range
toward the desert (Antelope Valley), but their outlet is southward by a narrow canyon
thru the heart of the mountains lying between the desert and Santa Clara River. A
low escarpment along the southern side of the valley in which Lake Elizabeth lies, and
eastward, is replaced by a lofty rounded ridge which appears to be due to some one of the
movements along the old fault. For several miles east of the lake (plate 25A) the dis-
tinctive and characteristic features of the Rift are not as easily made out, altho the ridge
just mentioned is full of springs and exhibits a widespread landslide topography. Toward
the eastern end of this ridge small hollows and a low, indistinct escarpment again appear.
The ridge separates Leones Valley, a fertile and well-watered district 5 or 6 miles long,
from the open Mojave desert on the north.

From Leones Valley to and beyond the point where the Rift zone crosses the Southern
Pecific Railway, a constant succession of cienegas is found on the upper side; that is,
on the side toward the mountains. Movements have evidently been so often repeated
and so intense aong the Rift as to grind up the rocks and produce an impervious clayey
stratum, bringing to the surface the water percolating downward thru the gravels of
the waste dopes. A mile west of Alpine Station on the Southern Pecific Railway,
there begins another escarpment with its abrupt face toward the south. This extends to
and across the railroad. South of the escarpment the surface has sunk so as to form a
basin. (Plates 25B and 26A.) This has been artificially enlarged and used as a reservoir
for irrigation about Palmdale. The main escarpment.is 40 to 50 feet high in places,
and where the railroad crosses it there appear to be two, an older and a younger one.
From the summit of the ridge marking the Rift west of Alpine, an extensive view east-
ward is obtained. The long desert waste plain leading up to the foot of the mountains
on the south (San Gabriel Range) exhibits a strikingly interesting feature. It is not
continuous across the lino of the Rift, but shows a break with the uplift upon the lower
side. The amount of displacement appears to be between 200 and 300 feet.



44 REPORT OF THE CALIFORNIA EARTHQUAKE COMMISSION.

An extended study would be necessary to determine in detail the geology of the Rift
from Gorman Station eastward. Near Gorman a dike of basaltic or andesitic lava extends
paralel with it for some distance. Granitic rocks often form one side, while soft Tertiary
beds of a light or reddish color frequently appear in the raised ridges. Between Palm-
dale and Big Rock Creek, low discontinuous ridges, springs, and cienegas point out the
line of the RIift, altho there are stretches of several miles at a time where either the
original displacement was not great or erosion has removed its effects. Four miles
west of Big Rock Creek there is one fine escarpment 0.333 mile long and 40 feet high,
facing the mountains on the south. (Plate 27A.) In this section there are indications
of at least two movements. (See plate 26B.) The Rift passes just below Big Rock P.O.
east of Big Rock; atrail on the northern dope of the mountains and a wagon road on
the southern side of the divide fdlow the Rift continuously to a point near the mouth of
Cgon Canyon.  On the north side of the mountains (San Gabriel Range) there is no im-
portant depression on the Rift between Big Rock Creek and Swartout Valley; never-
theless the comparatively recent movements have been of sufficient magnitude to produce
ridges and hollows giving a continuous and easy route for the trail along the dope of the
mountains.

Before reaching the divide leading over to Swartout Valley, we encounter some striking
features. Near the head of Mescd Canyon aridge has been split away from the mountain,
diverting the little streams from above and making two drainages where one would
normally appear. In placesthisridge (plate 27B) is as sharp and as perfect as tho formed
but yesterday; but the great pine trees, growing upon its top and sides (the altitude here
being nearly 7,000 feet), tell us that it must be hundreds of years old. At the head of
the canyon the trail leads thru a sharp V-shaped cut where the bare dliding surfaces
make it appear as if movement had recently taken place in the Rift. (See plate 28A.)

Passing over a sag in the mountains to Swartout Valley, the Rift is less prominent
as a topographic feature, but a line of springs marks its course. Lone Pine Canyon
is remarkable for its length and straightness. The Rift passes down its whole
length but it is not very prominent. Springs appear at severa points, aso small
cienegas with a dight escarpment below them. At the mouth of Lone Pine Canyon and
alittle above its junction with the Cgon Canyon (plate 28B) are more interesting features.
Two lines of displacement appear here, and between them a long, narrow sunken block
with a smdl lake in its lowest portion. (See plate 29A.)

The line of disturbance now crosses Cgon Canyon, giving rise to broken and diding
cliffs; and then, passing over a spur of the San Bernardino Range, comes out at its foot
before reaching Cable Canyon. From this point the Rift continues on southeasterly at
or near the junction of the gravel dopes of the San Bernardino Valey and the steep moun-
tain dopes of crystalline rocks.  The uniformly straight course which the Rift exhibits in
this portion of its length takes it diagonaly across the mountains from the northern and
desert sde of the San Gabriel Range to the southern side of the San Bernardino Range.

Thetorrential streams emerging from the San Bernardino Range upon the gravel .dopes
of the broad valley at its base have cut wide flood plains in the ancient gravels which
accumulated along the foat of the mountains. The remaining portions of this old dope
lying between the stream plains are cdled mesas. Back of Devore Heights there appears
a rounded ridge formed out of the mesa gravels. As we continue toward Cable? Creek,
springs and cienegas arc found to be numerous just above it. East of Cable Cresk the
ridge becomes an escarpment facing the valley, and in places shows a height of ah:tut 75
feet. Viewed in profile, this escarpment breaks the uniform dope of the mesa gravels,
almost reversing their dope on the upper side.  On the west side of Devil Canyon there
is a double escarpment in the gravels, both apparently being due to movements along the
Rift. (See plate 29B.) Back of the Museupiabe Indian reservation and north of the



PLATE 26

A. Sink between 2 soarps of the Rift a mile south of PAmdde, H, W, P.

B. Pond in the Eift 2 milel west of Big Kok Creek, Moja« Desart. H.W. F.



PLATE 27

A. Fan]t-scarp in the Eift. Mgave Desert west of Big Eock Oreet, HW. F.

B, Ridge in the Eift near the heed of gwartoat Vadley. H. W.F.
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A. The lift across the mountain crest west of Swartout Valley. North slope of San Gabriel Range. H.W. F.

B.

Looking southeast from lower end of Lone Pine Canyon across lovrer etl of Cainn Canyon. Lake and meaduw
dne to ridge in Eift. H.W.P.
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A. Looking west dong tae Eift from Cgon Pass, showing double scarp.

. Rift north of Hightod, at b«e of Ba. Ben-idiuo Ea,g, H.W.P.
B. Double fault-scarp
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Asylum, there is a much dissected fault diff 200 to 300 feet in height. Plainly traceable
in the front of this diff is a small break, possibly made in 1857. No definite information
could be gained as to whether the earth opened here at that time, but reports say the
earthquake was very severe, throwing animals from their fet, etc.

East of City Creek begins a huge rounded ridge formed in the mesa gravels, and this
can be traced nearly to Plunge Creek. This ridge is 150 feet wide and steeper upon its
upper side, where the greatest displacement shown is about 40 feet. The structure and
shape of the gravel ridge make it appear likely that faulting and folding were both con-
cerned initsmaking. Above this ridge and at the highest point where it crosses the mesa,
water is obtained in abundance for irrigation at a depth of 18 to 20 feet, while in the
mesa below the ridge no water is found at a depth of 200 feet.

The Santa Ana River has cut out a wide stretch of the mesa gravels, and has exposed
upon its eastern bank a good section of these gravels. The gravels at their upper edge
do not lap over the crystalline rocks but appear faulted down against them. A 0.25 mile
below the fault is the mouth of Morton Canyon, the stream issuing thru a long, narrow
canyon eroded in the mesa gravels. Morton Canyon emerges from the steep mountains
about 2 miles to the southeast and has taken this peculiar course thru the gravels to the
SantaAnaRiver, instead of flowing directly down acrossthem, as do all the other streams.
The explanation of the turning to the northwest of this canyon at the point where it
meets the gravels is found in the peculiar appearance of the gravel dope when viewed in
profile.  This, instead of rising with normal slope, becomes steeper toward the upper edge,
and then descends abruptly to Morton Canyon. The movement on the Rift has broken
and lifted up the gravels to such an extent that the waters of Morton Canyon were
diverted and turned down to the Santa Ana River along the upper side of theridge. Since
this displacement took place, they have had time to cut the canyon in which they are
now flowing. Southeast of the point where the Rift crosses Mill Creek, the peculiar topo-
graphic features which have characterized it for so many miles become very indistinct.
It was at first thought that the Rift terminated in this vicinity but closer examination
made it clear that such is not the case.

The southern portion of the San Bernardino Range lying between Mill Creek and the
Conchilla Desert appears to have undergone great disturbance at a recent date. As a
conseguence, erosion has been rapid and extensive, and surface features which farther
north made the Rift easy to follow have in this region been amost completely obliterated.
Potato Canyon extends along the line of the Rift to the southeast of Mill Creek. Its
features indicate that the history of the fault is a complex one. The canyon originated
thru erasion upon the fault contact between the crystalline rocks of the San Bernardino
Range and the older Pleistocene deposits aong its base. Following this period of ero-
sion was one in which gravels were again deposited and this was succeeded by the present
period in which erosion is active. Potato Canyon is the last of the longitudinal depres-
sions of any size marking the line of the Rift. Between its head and the desert to the
southeast the main drainage features pay little attention to the structural conditions,
because of the steep grades of the stream channels and consequent rapid erosion. Never-
theless small lateral canyons have been formed along the fault contact of the gravels
with the crystalline rocks of the higher portion of the San Bernardino Range, so that from
the proper viewpoint the fault line can generaly be traced in the topography. The
drainage of Potato Canyon is clearly influenced by the fault, for instead of there being one
stream course in it, there are two — one upon each side.

A mile southeast of Oak Glen, which is at the head of Potato Canyon, there are large
springs which Issue upon the line of the fault. Near this point a depression appears upon
a gravel ridge, where it meets the crystalline rocks. The depression is in line with the
course of the fault, and may with reason be attributed to dislocations similar to those so
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clear farther north. Two miles southeast of Ogk Glen is Pine Bench, a mesa-like remnant
of gravel having an eevation of about 5000 feet. At the northern edge of this mesa,
and upon the line of the fault, there is aregular escarpment facing the higher mountains.
It is most reasonable to interpret this as indication of the same displacement referred
to previoudly.

To the east of the San Gorgonio River, the topography as shown upon the San Gorgonio
quadrangle gives little indication of the presence of an important fault-line. However,
an examination of Potrero Cresk shows small transverse canyons and one broad, grassy
flat with springs upon the line of the fault. In Stubby Canyon and other small canyons
north of Cabazon Station, the fault isfinely shown. Here, as at the point where the Santa
Ana River issues from the mountains, the older Pleistocene gravels have been faulted
down againgt the crystalline rocks. Rapid eroson of both the Pleistocene deposits and
the crystalline rocks has given rise to steep and precipitous sopes in this section, and
upon these the fault is clearly shown. The schists and gneisses thru a width of hundreds
of feet adjoining the fault have been so crusht by pressure and movement that they quickly
crumble upon exposure. Dark clay marks the plane of movement which inclines to the
north at an angle of about 80 degrees. Later than the period of main faulting has come
an elevation of the range as a whole, giving rise to rapid erosion upon both sides of the
line of fracture. Remnants of gravel mesas and mature topographic forms appear in
places, A notable example of an area of old topographic features now being destroyed
by the modern canyons is shown to the west of Stubby Canyon and 1,000 feet above it.

There are traces here and there of recent displacements along the Rift. These are
of the nature of little sags without outlets and low ridges or escarpments not easily
explainable as a product of ordinary erosion. These may have arisen as the product of
landdlides, but the landdides themsalves are doubtless related to fault movements. The
great debris fans built up along the north sde of San Gorgonio Pass indicate rapid
removal of a vast amount of rock materia from the adjoining dopes of the San
Bernardino Range consequent upon recent uplift.

Before investigating this region it was thought that the Rift, if it continued on south-
easterly, would be found crossing the San Gorgonio Pass in the neighborhood of Cabazon
and skirting the eastern base of the San Jacinto Range; but this proved not to be the
case. Instead, it was found to turn more and more easterly and finally to extend parallel
with the pass without reaching it. The course of the Rift, then, instead of being in the
direction of the Salton Sink, is toward the Conchilla Desert north of Palm Spring Station.

Looking east from a point near the mouth of Stubby Canyon, the gravel mesa thru
which the Whitewater River issues from the mountains, appears to be faulted upward,
giving rise to a well-defined escarpment facing north toward the crystalline rocks. This
northward facing escarpment accords in relative position with the traces of escarpments
farther north near Oak Glen, and shows that the latest displacement has been the reverse
of the earlier. The last seen of the Rift is in the Sdes of the Whitewater Canyon, where
the gravels are faulted down against the crystallines. East of the Whitewater one enters
upon the Conchilla Desert over which has been spread the wash of Mission Creek. For a
distance of 6 or 8 miles, and perhaps much more, the bedrock is completely buried by
the recent accumulations.

The San Bernardino Range rapidly decreases in height to the southeast of Mission Creek,
but appears to be continuous with the desert range lying north of the Salton Basin. The
latter range of crystalline rocks appears to be separated from the lowlands of the basin by
a more or less continuous line of barren ydlow hills formed of soft late Tertiary rocks.
Judging from a cursory examination, these ydlow hills are separated from the higher
mountains behind by a structural bresk indicated by a series of longitudinal valleys.
A prolongation in a northwesterly direction of the supposed fault line indicated by these
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valleys would carry it into the San Bernardino Range at the point where Misson Creek
emerges upon the wash plain. Continuing still farther northwest, we falow a marked
topographic break which leads across the southern dope of San Gorgonio Peak to the
head of Mill Creek. It is very probable that the great fault followed so far joins the
above fault-line at some point easterly from Palm Spring Station, altho the many miles
of gravel-covered desert makes a positive statement impossible with present knowledge.

An examination of the northerly and easterly base of San Jacinto shows conditions
opposite to those characterizing the southern dope of the San Bernardino Range. Ero-
sion is generally dow upon the dopes of San Jacinto, while the rapid erosion from the
opposite side of San Gorgonio Pass has crowded the stream channels close to the base of
the former range. In fact, the base of the San Jacinto Range appears to be deeply buried
by the stream deposits. The desert face of San Jacinto has long been free from disturb-
ances. Long, jagged ridges project out into the desert, while the intervening canyons,
instead of furnishing material for extensive debris fans, are floored by accumulations
characteristic of the desert as a whole.

Toward the southern end of that spur of the San Jacinto Mountains which projects into
the Colorado Desert and is known as the Santa Rosa Mountains, the debris fans are larger
and remains of gravel deposits appear high up on the sides of the mountains. The only
suggestion that a fault traverses the Salton Basin in the direction of the mouth of the
Colorado is the presence of mud volcanoes and several small pumiceous eruptions near
the center of the basin. These are, however, so far removed from any known fractures
in the crust that their evidence is of little value. Besides, it is entirely possible that the
mud volcanoes may be due to chemical action in the deeply buried sediments of the Colo-
rado delta.

It may be reasonably assumed, then, from our best knowledge, that the southern end
of the great Rift is to be traced for an unknown distance along the base of the mountains
bordering the Salton Basin upon the northeast, in all probability gradually dying out.

SAN JACINTO FAULT.

The San Jacinto fault (plate 30), with which there has been associated at least one
severe earthquake since the region has been known, has a length of at least 75 miles.
The course of the fault is northwest and southeast, and it is marked by canyons or steep
mountain scarps nearly its whole length. The fault first appears upon the south in the
form of a regular mountain wall inclosing the north end of Borego Vdley. The latter
is awestern arm of the Colorado Desert lying between the Santa Rosa Mountains and the
main watershed of the Peninsular Range. At the northern end of Borego Valley beds
of late Tertiary age appear faulted down upon the southwest side of the mountain wall
referred to.  The peculiar topographic features of this fault-block ridge, and the presence
of gravels aong portions of its summit, make it appear of recent origin. Northwest of
Borego Valey the canyons entering Coyote Creek have brought down immense quantities
of rock debris, a fact which indicates recent disturbance aong their headwaters. Ter-
williger Valley includes a broad expanse of country of low relief upon the summit of the
range between San Jacinto and Borego Valley. A portion of the valley is scarcely drained
at present, having apparently undergone some subsidence next to the fault-line which
forms the southern face of Mount Thomas.

In a northwesterly direction, the fault can bo traced in continuous mountain scarp
or canyon until within about 8 miles of the town of San Jacinto. A broad valley inter-
venes until we get north of the town, when amountain wal commences again, and extends
for many milesin the direction of Colton. Reports state that the San Jacinto earthquake
of 1899 was most severe along the line of the fault thus traced. Great masses of rock are
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reported to have been thrown down in Palm Canyon, which issues from San Ysidro Moun-
tain. Ten miles southeast of San Jacinto, on the line of the fault, it is said that a con-
Siderable area of land sank with formation of open fissures. Upon the Coahuila Indian
Reservation, adobe buildings were thrown down and much damage was done in the
town of San Jacinto.

The regular mountain wall facing southwest and extending northwest from San Jacinto
appears to be older than that toward the southern end of the fault. Minera springs
occur near or on this line, and the marshy area at the point where the San Jacinto River
ceases following this fault-scarp and turns toward the southwest suggests very strongly a
subsidence.

REVIEW OF SALIENT FEATURES.

It will be of advantage briefly to review the salient features of the San Andreas Rift,
in the light of the facts presented in the foregoing detailed description of its extent and
character, and of other facts to which attention will be directed.

The San Andreas Rift has been traced with three interruptions from a point in Hum-
boldt County, between Point Delgada and Punta Gorda, to the north end of the Colorado
Desert, adistance of over 600 miles. These three interruptions are: The stretch between
Shelter Cove and the mouth of Alder Creek, where for a distance of about 72 statute miles
it traverses the bottom of the Pacific Ocean; the stretch from the vicinity of Fort Ross
to Bodega Head, where for 13 miles it is similarly on the ocean bottom; and the stretch
from Bolinas Lagoon to Mussd Rock, where it lies beneath the Gulf of the Farallones for
about 19 miles. Of these interruptions only the first involves any doubt as to the con-
tinuity of the feature, and this doubt is in large measure removed by the evidence cited
hereafter as to the position of the trace of the fault of April 18, 1906.

Thruout its extent the Rift presents a variable relation to the major geomorphic fea
tures of the region traversed by it. In Humboldt County it lies within the mountainous
tract inland from the coast but to the seaward side of the higher land. From Shelter
Cove to Alder Creek it lies to the west of asteep, terraced, coastal dope. From Alder
Creek to Fort Ross, it finds its expression ina series of rectilinear, sharply incised valleys,
the alinement of which converges upon the coast line to the south at a very acute angle.
But near Fort Ross the Rift, without deviation of its general trend, crosses the divide
to the coastal side of the ridge which separates these valleys from the ocean, and traverses
the terraced coastal dope. Beyond Fort Ross it again lies to the west of a steep coastal
dope. From Bodega Head to Bolinas Lagoon the Rift is a remarkably pronounced
depression, lying between the main coastal dope and the rather high and precipitous
easterly side of the Point Reyes Peninsula.  About 0.6 of this depression is below sea-
level, forming Tomales and Bodega Bays. This defile is one of the most remarkable and
interesting phases of the Rift. It has been a line of repeated faulting in past geologica
time, and evidently separates a wel-marked and probably relatively mobile crustal
block from the main continental land mass.

South of Mussd Rock the Rift traverses for a few miles a rolling upland, marked by
ponds and old scarps, but with no very marked contrast in relief, and then passes into
the very marked and rectilinear San Andreas Valley, aong the base of the northeast flank
of the Santa Cruz Range. From here to the gap at Wright Station it lies along the base
of the range at a distance nowhere greater than 2 miles from the crest. Passing thru the
gap at Wright, it crosses from the northeast flank of the range to the southwest Hank.
Smilaly passing thru the gap between the Santa Cruz and Gavilan Ranges at Chitten-
den, it is again found on the northeast flank of the latter. In effecting this last-mentioned
change of position relatively to the mountain crests, a distinct deviation in the trend of
the Rift is observable (see map No. 5) as if the path of the Rift accommodated itsdlf to
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the mass of the mountain blocks. Farther south, near Bitterwater, the Rift leaves the
northeast flank of the Gavilan, and lies along the southwest base of a straight ridge of the
Mount Hamilton Range. Still farther south in Cholame Valley it follows the northeast
base of the ridge which separates Cholame Valley from San Juan Valley. In the Carissa
Plain it hugs the southwest flank of the Temblor Range. But the most noticeable rever-
sal of therelative position of the Rift to the adjacent mountain dopes is beyond Tejon
Pass. From Tegon Pass to near Cgon Pass, the Rift lies along the steep northerly flank
of the San Rafael and San Gabriel Ranges, on the southern edge of Mojave Desert; but
at Cgon Pass it passes thru between the San Gabriel and San Bernardino Ranges, and
thence easterly lies on the south side of the latter range. Thus from the San Francisco
Peninsula to its southern end, so far as the extent of the Rift is a present known, thereis
a fairly regular and rather remarkable alternation of the relative positions of the Rift
and the mountains adjacent to it.

The Rift as a whole, when plotted upon a genera map of the state on a scale of about
TITTIWUIT appears as a sensibly even line with marked curvature, convex toward the
Pacific. This curvature is for the most part due to change in the course of the Rift be-
tween the southern end of CarissaPlain and Tgjon Pass.  In this segment of its course its
trend changes from about S. 40° E., along the edge of Carissa Plain to S. 65° to 70° E.,
along the southern edge of the Mojave Desert, the change being gradual and distributed
over an arc about 40 miles in length. The general curvature is also accentuated by the
change in course between Point Arena and Shelter Cove, on the assumption of continuity
between these points.  If, however, we take the segment of the Rift between Point Arena
and the south end of Carissa Plain, the curvature is very much less marked; and its path
on the small scale map referred to approximates a straight line. The curvature is dis-
tinct, however, and, asin the general case, is convex to the Pacific. The chord of the arc
found by stretching a line from the south end of Carissa Plain to the mouth of Alder
Creek has a bearing of about N. 40° W. and a length of about 360 miles. The point on
the arc most distant from this chord is on a normal to the latter thru San Jose, the
distance being about 15 miles.

When the Rift is plotted on larger scale maps (see maps Nos. 2, 4, 5, 21, and 23), it
becomes apparent that the course of the Rift is not asmooth uniform curve, but is charac-
terized by severa minor curvatures in opposing directions. In locating these curves,
advantage is taken of the fault-trace, as far as it extends, as a sharp line within the Rift
indicating its mean trend at any point on its course. These curvatures are most interest-
ing features on a line of diastrophic movement, where that movement may be, as it was
on April 18, 1906, essentially horizontal on a nearly vertical plane or zone.

The most northerly curvature susceptible of measurement is that shown by the seg-
ment of the Rift between the mouth of Alder Creek and Fort Ross. The line connecting
the two ends of this segment, at the points where it intersects the shore ling, is alittle
more than 43 miles in length, and has a bearing N. 37° W. The Rift, as located for this
purpose by the fault-trace, lies wholly on the southwest side of this chord. The bearing
of the fault-trace at the mouth of Alder Creek, where it converges upon the chord, is
N. 30° W., and at Fort Ross its bearing is N. 40° W. The fault-trace is at its maximum
distance from the chord about the middle of this segment, the distance being about 0.75
mile, and here the bearing of the Rift is sensibly the .same as that of the chord, N. 37° W.
Between Fort Ross and Bodega Head, where the Rift. passes under the Pecific, there is
probably a dlight reversal of this curvature; since, if the course of the fault-trace at Fort
Ross were continued, even as a straight line, it would pass to the eastward of the point
where it actually intersects the neck of the headland. This dlight concavity to the south-
west probably extends as far as the mouth of Tomales Bay. From Bodega Head south
thru Tomaes Bay to Bolinas Bay, the course of the Rift as a large geomorphie feature is

1
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practically straight, with a bearing of N. 37° W., for 35 miles; but there are dight curva-
tures in the fault-trace within the Rift. For example, the fault-trace, in its path thru
Tomales Bay, must be dlightly convex to the southwest to clear the little headlands on
the northeast side of the bay, as it apparently does. There is a similar slight con-
vexity to the southwest between the head of Tomaes Bay and Bolinas Bay. The com-
plementary concavity between these two convexities is near the head of Tomales Bay.

Between Mussd Rock and San Andreas dam, the fault-trace has a dlight concavity
to the southwest. The projection of its course seaward from Mussel Rock would
not meet the southward projection of the fault-trace from Bolinas. There can be little
guestion as to the continuity of the fault-trace across the Gulf of the Farallones; and its
path on the bottom of the Gulf must, therefore, take the form of a very flat sgmoid curve,
with a dight concavity to the southwest in the Bolinas moiety of the submarine segment
and a corresponding convexity at the Mussd Rock end. Between San Andreas dam and
Chittenden, the fault-trace indicates a pronounced curvature in the genera trend of the
Rift. The chord between these two points is about 55 miles in length and bears N. 44°
W. The fault-trace lies wholly to the southwest of this line, with convexity toward the
Pecific. The point on the curve most distant from the chord is about its middle part,
the distance being about 2.25 miles. On this segment of the Rift there is locally a rather
abrupt reversal of the curve, south of Black Mountain, which is best seen on map No. 22.

Between Chittenden and a point near Priest Valley there is another pronounced curva-
ture in the general course of the Rift, where it passes over to the northeast flank of the
Gavilan Range. Here the curvature is concave toward the southwest. The chord is
60 miles long, and bears, as before, N. 44° W., and the Rift lies wholly on the northeast
side. The point on it most distant from the chord is near the middle of the segment,
and the distance is 2.4 miles. FromPriestValleyto the south end of Carissa Plain, the Rift
is nearly straight, but with minor curvatures which can not be more particularly defined,
owing to the absence of good maps. The general bearing for this segment is about
N. 40° W.

The marked curvature between the south end of Carissa Plain and Tejon Pass has
already been noted. From the latter place to the north end of the Colorado Desert, beyond
which the Rift has not been traced, there are numerous curvatures in the course of the
Rift; but since the Rift for this segment is indicated on maps Nos. 6 to 15 on a scae of
1 or 2 miles to the inch, it will be unnecessary to do more than refer to these maps for
their characterization. The general course of the Rift in this region is a flat curve con-
cave to the south-southwest.

It thus appears that the Rift, as a whole, has a curved course convex to the Pacific;
and that this general curvature is characterized by a succession of dlightly curved, rather
than straight, segments.  The amount of the curvature, as it appears upon the maps, is
determined to some dight extent by the character of the projection. But the general
conclusion above reached without quantitative expression is independent of the projection
adopted for the maps.

A mogt interesting general feature of the Rift is in relation to the granitic rocks of the
Coast Ranges. The granites of the southern Sierra Nevada pass into the Coast Ranges
in the vicinity of Tgon Pass, and extend thence in a series of more or less elongated but
discrete areas thru the Santa Lucia, Gavilan, and Santa Cruz Ranges, and beyond the
Golden Gate to Point Reyes Peninsula and Bodega Head. From the southern end of
Carissa Plain to Bodega Head, this granite lies wholly to the southwest of the Rift.
At one point in the Rift, however, in Nelson Canyon, Fairbanks has found the granite
exposed on the northeast sde of an old fault having a downthrow on the southwest.
Southward it passes into a region where granitic rocks prevail on both sides of the Rift.
The Rift in the Coast Ranges thus appears to serve as a line of demarkation between two
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somewhat contrasted geologica provinces; one in which granitic rocks are extensive and
important features, and the other in which granitic terranes are wanting. This fact
further suggests that the two provinces will be found to be contrasted in other respects
when the details of the Coast Range geology are better known. The generd fact is indic-
ative of relatively greater uplift on the southwest side of the Rift, and consequently
deeper denudation, whereby the rocks of the granitic complex have been stript of their
covering and so exposed to view. In that portion of the Coast Ranges south of the Bay
of Monterey, the Santa Lucia Range along the coast is much higher than any of the other
ranges which intervene between it and the great valley.

In a discussion of the Rift as a geomorphic feature, it becomes a matter of interest to
determine the relative importance of diastrophism and erosion in its evolution. There
can be no doubt that where the Rift is coincident with pronounced longitudinal valleys,
the latter, altho controlled as to orientation by the faulting along the Rift, owe their
features in a large measure to erosion. This is true, for example, of the valeys of the
Garcia and Gualala Rivers and the San Andreas Valey. It is not so clear, however, as
regards the depression between Point Reyes Peninsula and the mainland. It has been
pointed out that in past geologica time there has been a recurrence of faults with large
vertical displacement on this portion of the Rift, dating back to pre-Miocene time and
possibly to the Cretaceous; and it may be that here the depression is essentidly dias-
trophic in origin and only modified to a minor degree by erosion; similarly with some of
the valleys along the Rift, and extending from it in the Southern Coast Ranges. The
Cholame Valley and the valley of Carissa Plain may be essentidly diastrophic in origin,
modified by erosional degradation on their sides and by aggradation of their bottoms.
The depressions which constitute the Rift along the southern margin of Mojave Desert
appear to be practically wholly diastrophic, altho somewhat aggraded. Where the Rift
hugs the steep northeast flank of the Santa Cruz Range as far as Wright Station, and the
similarly steep southwest flank of the same range from Wright to Chittenden, it is difficult
to avoid the conclusion that these steep mountain flanks are in reality degraded fault-
scarps, and are, therefore, the walls proper of a great asymmetric Rift valley. The same
conclusion applies to the steep north flank of the San Rafael and San Gabriel Ranges, on
the south side of Mojave Desert. The complete discrimination of effects of diastrophism
and erosion in the larger features of the rdief associated with the Rift will require many
years of patient field work.

With regard to the minor features which characterize the Rift in detail, thruout its
extent, the discrimination is less difficult chiefly because the diastrophic effects are of
comparatively recent date and their distinctive features are not yet obliterated by the
ravages of eroson. These consist chiefly of scarps, low ridges, and sinks or ponds.
In many cases it is apparent that both erosion and aggradation are controlled by these
minor features, and that the latter tend to become obliterated. These minor scarps,
ridges, and sinks are not referable to any single earth-movement, but are referable to
a recurrence of movement on the same genera line. In the southern Coast Ranges the
observations of Fairbanks show that one of these movements was of exceptiona impor-
tance. By it displacements and disturbances of the surface were effected which dwarf
al smilar events in historic times. For miles at a stretch the earth, upon one side or
the other of the fault line, sank, giving rise to basins and to diffs 300 to 400 feet high.
These features, in the opinion of Fairbanks, who personally examined them, were the
result of one movement. This displacement probably occurred not less than 1,000 years
ago. It is certainly older than the great trees growing upon the ridges and hollows
formed by it. Since then it is probable that nhumerous displacements of less extent have
taken place, but the geomorphic effects of the smaller movements have, in some consider-
able measure, been effaced. Since the settlement of the state, the strain in the earth's
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crust has continued to manifest Itsdf, and several slight movements have been observed
by residents of the country. In 1857 there was a movement extending from San Benito
County probably as far as San Bernardino Valley. The earthquake caused by this
movement was not less severe than that of 1906, but we have unfortunately no measure
of the extent or direction of the displacement. In this southern region described by
Fairbanks, the displacements, even from the first, do not appear to have been of such a
nature as to give rise to a continuous diff or scarp upon either side of the fault; and this
observation is generaly true thruout the Rift. In one place the scarp faces southwest,
in another northeast. In other places the vertical displacement has been very small
and the scarps correspondingly insignificant.  In several places, as, for example, at Fort
Ross and between Mussd Rock and San Andreas Lake, displacements have occurred on
subparallé lines, giving rise to opposing scarps, as if awedge of ground, perhaps several
hundred feet across, had dropt in. In such depressions lie the sinks; but the latter are
more commonly formed by a low scarp facing up a slope, or by a ridge of surface com-
pression formed across the path of the drainage from aslope. They have dso been formed
by landdlides, which have shown little tendency to move save under seismic impulse.

It remains to call attention, in a word, to the alinement of the Rift with certain of the
larger continental features. The Rift is known from Humboldt County to the north
end of the Colorado Desert. As a line of small displacements it has not been traced
farther; and in the usage of the term it has been understood as terminating at the point
where it eluded fidd observation. But it is by no means certain that, as a larger feature,
it does not extend far to the south. The Colorado Desert and its continuation in the
Gulf of Cdifornia are certainly diastrophic depressions, and may with much plausibility
be regarded as a great Rift valley of even greater magnitude than the now famous African
prototype first recognized by Suess. This great depression lies between the Peninsula
of Lower Cdifornia and the Mexican Plateau. All three of these features find their
counterpart in southern Mexico. The Sierra Madre del Sur is the analogue of the penin-
sular ridge; it lies on the line of its prolongation, and is similarly constituted geologically.
Inside of thisrange, and between it and the edge of the Mexican Plateau, is a pronounced
valey system which is the analogue of the Gulf of Cdlifornia

On this valley-line lies the deprest region about Salina Cruz, well known to be subject
to repeated seismic disturbances. On the same general line lies Chilpancingo, the seat
of the recent disastrous Mexican earthquake. Following these great structural lines
southward, they take on a more and more latitudinal trend; and beyond Salina Cruz
the geologicd structure indicates that this seismic belt crosses the state of Chiapas and
Guatemala, to the Atlantic side of Central America with an east and west trend, and
fdls into ainement with Jamaica. It thus seems not improbable that the three great
earthquakes of Caifornia, Chilpancingo, and Jamaica may be on the same seismic line
which is known in Cdifornia as the San Andreas Rift.
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THE FAULT-TRACE.

The successive movements which in the past have given rise to the peculiar geomorphic
features of the Rift, either directly or by control of erosion, have with little question
been attended in every case by an earthquake of greater or less violence. The earth-
guake of April 18, 1906, was due to a recurrence of movement along this line. The
movement on that day was of the nature of a horizontal displacement on an approxi-
mately vertical fault plane or zone, whereby the country on the southwest side was
moved to the northwest and the country on the northeast side to the southeast. This
displacement was manifested at the surface by the dislocation and offsetting of fences,
roads, dams, bridges, railways, tunnels, pipes, and other structures which crost the line
of the fault. The surface of the ground was torn and heaved in furrow-like ridges.
Where the surface consisted of grass sward, this was usualy found to be traversed by
a network of rupture lines diagonal in their orientation to the general trend of the fault.
Small streams flowing transverse to the line of the fault had their trenches dislocated
so that their waters became impounded. These and similar phenomena of disruption
constitute the fault-trace.

The width of the zone of surface rupturing varied usually from a few feet up to 50 feet
or more. Not uncommonly there were auxiliary cracks either branching from the main
fault-trace obliquely for a few hundred feet or yards, or lying subparalel to it and not,
so far as disturbance of the soil indicated, directly connected with it. Where these
auxiliary cracks were features of the fault-trace, the zone of surface disturbance which
included them frequently had a width of several hundred feet. The displacement appears
thus not always to have been confined to a single line of rupture, but to have been dis-
tributed over a zone of varying width. Generaly, however, the greater part of the
dislocation within this zone was confined to the main line of rupture, usualy marked by
a narrow ridge of heaved and torn sod.

The amount of the horizontal displacement, as measured on dislocated fences, roads,
etc., at numerous points aong the fault-trace, was commonly from 8 to 15 feet. In some
places it exceeded this and at one place it was as much as 21 feet. Toward the south
end of the fault the amount of displacement was notably less and finally became inap-
preciable. Nearly al attempts at the measurement of the displacement were concerned
with horizontal offsets on fences, roads, and other surface structures at the point of their
intersection by the principal rupture plane, and ignore for the most part any displace-
ment that may be distributed on either side of this in the zone of movement. The
figures thus obtained may, therefore, in general be considered as representing a minimum
for the amount of differentiadl movement. In one or two cases, however, when the dis-
placement has been measured on soft ground subject to slumping, and the measured
offset is higher than usual, the results may be in excess of the true crustal displacement.

Besides this horizontal displacement of the crust, there was also, particularly in the
region north of the Golden Gate, a distinct uplift of the country to the southwest of the
Rift, relatively to that on the northeast. This differentia vertica movement was made
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manifest by the appearance of low, abrupt fault-scarps, ranging from less than a foot up
to 3 feet. Many of these occurred dong the dope of somewhat degraded fault-scarps
due to former movements, and served to revivify them. In other cases the new scarps
have been developed on dopes where no trace of a previous scarp can be detected. The
low scarp which was formed on April 18 is by no means a continuous feature, but appears
a agreat many places not widely spaced dong the fault-trace, extending often for hun-
dreds of yards at a stretch, with intervals where no abrupt scarp can be detected. In
the latter places it is probable that the differential vertical movement has been distributed
over a zone of some width, underlain by formations in which the deeper seated fracture
would be taken up by plastic deformation. The scarp almost invariably faces the north-
eadt, but a few cases have been noted in which a fresh scarp on the fault-trace faced the
southwest for ashort distance.  These will be mentioned more particularly in the detailed
descriptions which follow. Associated with the fault-trace, it is quite common to find
secondary or induced movements of the soil, particularly on steep sopes. These partake
of the nature of landslides, and very commonly exhibit the characteristic landslide scarp.
Thisis usualy, however, easy to distinguish from the scarp on the fault proper, or on the
auxiliary cracks, since it lacks evidence of horizontal displacement, and the broken sod
is not traversed by diagonal, torsional cracks.

The differentia displacement of the earth's crust above indicated occurred only on
the northern portion of the Rift. South of San Juan, in Benito County, there is no indi-
cation along the Rift in the shape of rupture of the soil, or the dislocation of transverse
structures, which points to the displacement of the underlying formations. It is not,
however, to be certainly inferred from this that there was no deep-seated rupture south
of that point. Many earthquakes are known which are referable to sudden dips in the
earth's crust for which there is no corresponding rupture at the surface. It is probable
that the dlip, which is so manifest as a surface rupture to the north of San Juan, was
continued as a subsurface movement for many miles south of that point.

North of San Juan the displacement on the fault-trace has been followed practically
continuoudly to a point on the northern coast of Caifornia a little beyond Point Arena,
a distance of 190 miles. At this point the fault-trace as a continuous feature passes out
to seq, and the evidence of displacement islost. At Shelter Cove, in southern Humbol dt
County, however, where as previously stated the Rift features appear again, evidence of
displacement due to movement on April 18 is dso found. The doubt as to whether
the Rift in Humboldt County is continuous with that which leaves the coast near Point
Arena, of course aso applies to the question of the continuity of the rupture on the day
of the earthquake. If we assume that the line of rupture is continuous thruout, then its
full extent from San Juan to Telegraph Hill is about 270 miles.

Beginning with southern Humboldt County, a somewhat detailed account will now be
given of the phenomena of the displacement which occurred on April 18, 1906.

HUMBOLDT COUNTY.

We are indebted to the observations of Mr. F. E. Matthes for our knowledge of the
facts concerning the portion of the coast from Shelter Cove northward. The low
headland north of Shelter Cove, known as Point Delgada, is traversed by several fissures
trending roughly paralel with the genera sweep of the coast and presenting essentially
the same surface appearance as the fault fractures observed in Sonoma and Mendocino
Counties.  While it has been found impracticable to demonstrate by actual measurement
the exigence of a horizontal displacement along any of these new fissures —in the
absence of fences or other objects of sufficiently defined outline — yet it has seemed
warranted to regard them as true fault or shear fractures, to be classed in the same
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category with those found farther south, merely on the strength of their superficia
resemblance.

The €ffects of a horizontal shear on thick grass sod in open country, as observed in a
number of localities aong the zone of faulting in Sonoma and Mendocino Counties, are
as follows. On fairly level ground, where conditions are simplest and no vertical move-
ment is evident, the sod is torn and broken into irregular flakes, twisted out of place and
often thrust up against or over each other. The surface is thus disturbed over a narrow
belt, whose width apparently varies with the magnitude of the displacement. Along
the main fault, where the throw amounts to 10 feet or more, a width of 5 or 6 feet is not
uncommon; on the secondary fractures, where the throw does not exceed a foot, the belt
is generaly only afoot wide. Whatever the width of the belt, the sod within it, as well
as the unconsolidated material underneath, appears loosened up and not compact. It
consequently takes up more space than before it was disturbed, and the surface of the
belt is therefore dightly raised above the level of the ground, from an inch to a foot or
more, according to the magnitude of the disturbance. Within such a belt there is sdl-
dom, if ever, a well-defined, continuous, longitudinal crack, the toughness of the sod
precluding a clean shear fracture. Rather, there is a marked predominance of diagonal
fractures resulting from tensile stresses.

To sum up, a horizontal displacement produces and may therefore be recognized in
grassy country by a fault-trace showing:

1. The disturbance of the sod over a narrow belt.

2. The generally raised surface of this belt.

3. The absence of a single continuous, longitudinal crack.

4. The tearing of the sod aong numerous diagonal fractures.

5. The twisting and thrusting of sod flakes against and over each other.

It was mainly by the aid of these criteria that the fault lines in the vicinity of Shelter
Cove were determined as fault or shear fractures, distinct from the innumerable cracks
due to the settling of earth masses consequent upon the jar of the disturbance. In
practically al of these the sod had been ruptured by mere tension, or tension accompanied
by more or less vertical shearing. Furthermore, as will presently appear, the location
of the fault fractures was in many instances facilitated by their association with the
characteristic fault topography observed al aong the line.

What appears to be the main fault-trace was first observed in the bottom of Wood
Gulch, where it runs immediately along the wagon road for a hundred feet or more. It
was thence traced south to its southern terminus on the beach of Shelter Cove, and
then north across Humboldt Creek up Telegraph Hill. Subsequently severa apparently
detached lines of a similar character were discovered in the neighborhood of the main
fault, as shown on the sketch map. Beginning at the south end, this line may be traced
as follows:

On the beach of Shelter Cove, 100 yards west of the frame hut of Snider (at the mouth
of Deadman Gulch), the fault passes thru the bluffs obscured by dislocated masses of
dark conglomerates. From the top of the escarpment, however, it is easly traced for
some distance down. The approximate contour map of the fault (fig. 10) sufficiently
describes the topography here. A notable feature is a smal elongated pond on the
steep hillside, walled in by a small ridge. Thru this the fault-trace passes longitudinaly.
Continuing north, the line remains east of the upper valey of Wood Gulch until it joins
the wagon road in the bottom. The line is by no means straight, as the bearings on the
map indicate. A pronounced angle in its course exists at A (fig. 10), and the coincidence
in this change of azimuth with the abrupt topographic change at this point is strongly
suggestive of a hade to thewest. Near the loop in the road at B the fault is easily recog-
nized, except where the road has been repaired. The fault-trace here passes thru a
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characteristic little gap or saddle (plate 31A), and south of B follows closdy an old fault
line, with a dight upthrow on the west. North of the road the fault-trace follows a
ravine for some distance, then passes adong the west side of a low ridge, as indicated in
the contouring, and finally drops down to Humboldt Creek. Thence it ascends the
south dope of Telegraph Hill,
following for a considerable
distance a characteristic fault
feature on the steep brushy
spurs indicated in plate 3ID.
Immediately south of the
summit of Telegraph Hill the
disturbance is the most pro-
nounced, being accompanied
apparently by an upthrow on
the west side, resulting in a
sharp-crested ridge some 4 feet
high. It is possible, however,
that this ridge is not the result
of the recent disturbance, but
of a former one, modified into
amore acute form by the shak-
ing off of thesod. (See plate
3lc) From the summit of
Telegraph Hill a bearing was
taken over the entire length
of the line down to Shelter
Cove: N. 25°W. Projecting
the line north from the hill on
the azimuth, it appears to
head for a number of high
mountains of the King's Peak
Range, altho no visible traces
of the disturbance are found
north of Telegraph Hill. Im-
mediately north of its crest is
the upper end of a great hop-
per-like landslide, clean swept
for over a thousand feet.
The fault-trace is entirely ob-
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Shelter Cove, Hmnboldt County. .
Y not ascertained. Under the

impression that it past close to King's Peak an ascent of this mountain was made,
but without result.

Of the auxiliary cracks, the first one, C (see fig. 11), is a less pronounced disturbance
than the main fault-trace, passing thru a depression bordered on its east side by a low
scarp due to former faulting. A small pond encircled by the road lies on this fault-trace.
Its bearing (not measured) is such as to make the line converge toward the main fault-
trace and intersect the same in the vicinity of the pond in the bottom of Wood Gulch.
The horizontal displacement along this line is probably small, much like that on the



PLATE 3i

A, Fault-soaTp passing thru saddle at head of Wood Guich, looking south-southeadt, B. Auwliary fault-trace following dld scarp in saddie between Wood Guch and
- F.EEM. Humboldt Gresk.  F. E. M.

0. Looking south-southeest from Telegraph Hill dong fault-trace marked D. Looking north-northwest dong main fault marked by small ridges
by sharp-crested ridge in foreground, with upthrow of 4+feet, F,E,M. on spurs of Telegraph Hill. P. E. M.
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auxiliary fault cracks accompanying the main fault-trace in Sonoma and Mendocino
Counties, whichit greatly resemblesin surface characteristics.  Another line of some prom-
inence was discovered near the mouths of Humboldt Creek and Wood Guich. As fig. 11
indicates, this fault-trace, D, follows for some distance along Wood Gulch, then crosses
over to the little gorge of Humboldt Creek (plate 31B), which it follows out to its mouth.
The divide at D has a marked depression along the line of faulting. The fence cross-
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FIG. 11.— Magp of country north of Shelter Cove, Humboldt County, showing
auxiliary faults in relation to main fault.

ing it shows no signs of horizontal shifting. It was not learned whether or not it has
been repaired since the quake. Tracing it to the south up over the grassy hills, it is
found to disappear somewhere near the head of the little gulch shown on the map. A
third line was found along the wagon road at E, following an old fault ridge descend-
ing the hillsde on a slant. Its probable connection with the C line suggests itsdlf.

In search of the north end of the fault, the following itinerary was made: From Tele-
graph Hill northeast to the old ridge road. to Albert Boots ranch, thence up King's
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Peak and its sister peak to the north; thence to Upper Mattole and Petrolia, via the
stage road; from Petrolia north across the North Fork of the Mattole River, and aong
the same over the high terraces to the north branch of the North Fork; aso westward
over the hills, north of the river, to the summit of the last hill next to the coast, and
back dong the river; from Petrolia south to the bridge, and up the hills south of the
town to the top of the great side existing there; south to Cummings’ ranch; and thence
across Cooskie Range, between Squaw Creek, Spanish Creek, and Cooskie Creek. It was
on the high bald spurs between Cooskie, Randall, and Spanish Creeks, close to the coast,
that old Rift topography was for the first time encountered in this district. Severa
smal ponds and ridges are found both on the spurs and close to their bases next to the
beach. No sign, however, of a fresh disturbance could be found here.

Finally, an excursion up the coast to Cooskie Creek and then south along the beach
to Shelter Cove served to encompass the entire area under investigation. A short side
trip was made up the creek flowing from King's Peak, but nothing definite could be
learned regarding the location of the fault.  South from Hadley's ranch at Big Flat,
the precipitous mountain dopes have been destroyed by extensive and high landslides,
the didocated materials of which have frequently advanced out upon the beach in the
form of glacier-like tongues. The waves at high tide have since nipt these protruding
masses and truncated them at their ends. Many of the dides occurred apparently on
the sites of older ones. Their continuity and extent made the discovery of the fault in
this neighborhood impracticable. The prevalence of great dides along the coast, back
inland, seems to suggest the possibility of the fault curving along the coast, and
gradualy leaving it south of the Big Flat Ranch. In the belief that this might be the
case, and that the fault might continue closdy along the coast for some distance, to
reenter farther north, a visit was made to the great dide at Cape Fortunas — the most
extensive dide along the north coast. No trace of the fault could be discovered here,
however. No visit was made to Cape Mendocino nor to Needle Rock, a small prom-
ontory south of Shelter Cove. As seen from the cove, this rock has a pronounced
saddle suggestive of faulting. Should the fault-trace run thru it, it would have a very
strongly curved course, paralel with the coast.

Mr. Matthes' account of the conditions in the vicinity of Shelter Cove may be supple-
mented by the following note by Professor A. S. Eakle:

Shelter Cove appears as a broad dope spreadi n% out and forming a circular coast line of
about 2 miles in length, with a flat plain 6 to 10 feet above the sea. The ocean is con-
stantly wearing away the land and no beach surrounds it. Haf a mile from the ocean
the land begins to rise in grassy hills which are abruptly cut df from the high mountains
behind by a deep canyon. The formation of the cove indicates that it has been broken af
from the hills above by a huge landdide, perhaps by a former earthquake. The gorge
which separates it from the mainland is on a line with the genera coast. On the south
Sde of the cove there are three parallel deep gorges which extend a short distance into the
hills; and their continuation over the hills is shown by dight depressions which appear to
have been defts which have become amost filled with the wash of the hills.  Along 4l
these lines of weskness fissures were opened and the ground subsided 2 to 3 feet. Cross
fissures running from one depression to another are aso present. The trend of the main
fissures followed the coast, which is northwest-southeast. - On the high crests of the Cooskie
and King Mountains, which border the coast north of the town, fissures and landslides were
reported by ranchers looking for cattle, but this region was not visited. In the range south
of the cove landdides were dso reported and a photograﬁh of alarge one was taken. The
rocks of the coast are sandstones and black shales, and the hills and plain of the cove were
;cgposaj of blue and yelow sandy clay, evidently derived from the decomposition of the
es.



THE EARTH MOVEMENT ON THE FAULT OF APRIL 18, 1906. 50

POINT ARENA TO FORT ROSS.

For the course of the fault and the phenomena of earth movement aong it for the
stretch of 43 miles between the mouth of Alder Creek and the point on the shore south
of Fort Ross where it passes beneath the Pacific, we are again indebted to Mr. F. E.
Matthes, who, on behalf of the Commission, made an examination of this territory. In
the vicinity of Fort Ross, however, several observers contributed notes as to the phe-
nomena there. For this entire distance, the rupture of the ground and its differentia
displacement are strongly marked and, except for the occasional loca obscuration of the
phenomena by brush and timber, are easily traced. The fault-trace enters the shore
less than half a mile north of the mouth of Alder Creek and crosses with a course of
S. 28° E. the bench-land, or wave-cut terrace, to the banks of the creek about 500
feet in from its mouth (fig. 12). Over the surface of the bench it is marked by char-
acteristic rending and heaving of the sod. At the point where it reaches Alder Creek,
the stream bank is rocky and steep, and the course of the crack can be traced down the
rocky bluff, tho somewhat obscured by talus. The face of the, bluff is shown in plate 32A.
On the edge of the bench above the stream diff (B, fig. 12), there is arocky knob project-
ing above the genera level. The earth crack passes close to the southwest side of this
knob. The hade of the crack on the face of the bluff for a height of about 50 feet is very
nearly vertical, but its deviation, if any, from the vertical could not be accurately meas-
ured on account of the ragged character of the bluff and the loose rock upon its face. On
the northeast side of the rocky knob above referred to, there is evidence of a less well-
marked parallel crack, as indicated on the sketch (fig. 12). This aso appears on the
rocky bluff of the stream diff, but is less distinct than the main crack.

Southeast of this point, the fault-trace fol-
lows the broad stream bed of Alder Creek for
nearly a mile, passing beneath a bridge, the
wreck of which is shown in plate 32B. In this
view, the horizontal offset of the bridge aong
the fault-line is wdl shown. It is apparent
that this offsat is not less than the width of the
bridge. On the southwest side of the stream,
near the bridge (A, fig. 12), the fault-trace is
flanked by peculiar, isolated, rocky knobs simi-
lar to that on the northeast side. It is not
clear, however, that these rocky knobs have
more than an accidental relation to the fault,
since they may possibly be residual sea-stacks
upon the uplifted wave-cut terrace.

After leaving Alder Creek, the phenomena of
surface rupture and displacement were traced
thru a series of ranches to the divide passing 2
over to Brush Creek, and down to the vicinity TRD °°'\”/:°”fi”;e"“”n;:‘;“rl‘; m——
of Manchester. Along nearly this entire dis- - o Miap ol mouth Of AlCer &reex,
tance between Alder Creek and Brush Creek, showing position of fault-trace.
the line passes thru a series of depressions, swamps, and ponds, the mgority of
which are not connected with the neighboring streams. Offsets due to the displace-
ment were measured on two fences of Mr. E. E. Fitch's ranch, and the amount of move-
ment was found in each case to be 16 feet, the southwest side having moved relatively
toward the northwest. The vertical displacement was, as arule, quite small; only in
a few places did it amount to a foot, presenting a low scarp of that height facing tho
northeast. To the north of Manchester, an east-west fence line was offsat in three places,
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the zone of dislocation being in low, marshy ground. At another place near Manchester,
where an east and west fence follows the north sde of a wagon road, both fence and
road have been offset as shown in plate 32D. In both cases the relative movement on
the southwest side was to the northwest. The dairy barn on the ranch of Mr. E. E.
Fitch stood astride the line of movement and was demolished by the torsion to which it
was subjected. The wreck of the barn is shown in plate 32c. At two places along the
stretch between Alder and Brush Creeks the bearing of the fault-trace was measured,
the readings being N. 28° W. and N. 30° W.

Southeasterly from Manchester the line of dislocation passes over the dividing ridge
between Brush Creek and Garcia River, presenting the same general features. The
upthrow is distinctly on the southwest side, but amounts, as arule, to only a few inches.
The horizontal displacement was measured on a line fence south of the divide. The
fence is offsst in two places. The principa displacement amounts to 13 feet; while on
the minor offsat, alittle to the east, the displacement is 2.5 feet. The relative movement
in both offsets is in the same direction, making the northwesterly displacement of the
southwest side 15.5 feet. This fence is shown in plate 33A. South of this divide the
main jfissure passes thru a depression immediately east of a prominent knob projecting
south from the divide; while a subordinate fissure traverses featureless hillsdes from
100 to 150 feet farther east.

For some distance up the Garcia River from the point where the Rift intersects it, the
line of didocation traverses the flat aluviad bottom land, crossing and recrossing the
stream bed. At David Jones' ranch it leaves the bottom and ascends obliquely the side
of the valley; and from this point to its head waters it remains on the western side of
the valey. Its path is thru a belt of ridges and swamps. Part of the way there are
two sets of ridges, the lower or eastern of which coincide with the new line of rupture.
Looking along the valley, the more prominent of these ridges appear as notable features
of the transverse profile. Opposite Button's ranch, the line is found about 500 feet
west of the river, and about 60 feet up on the valley dope. It crosses aroad and fence
here, producing offsats of 10 feet in both, in the same sense as before noted. At the
head of the Garcia River, the fault-trace passes thru a low saddle into the valley of the
Little North Fork of the Gualaa River.

Down the Little North Fork, the fault-trace follows the axis of the valley on its west
side; at a point 15 miles north of its junction with the North Fork it runs lengthwise
for over 100 yards with the grade of an abandoned logging railroad, tearing the same to
pieces. Interesting evidence of the condensation or shortening of the ground in this
vicinity is afforded by the buckling of the rails as seen in plate 33D. Here the main line
of didocation lies about 100 feet to the east of the track in the stream bed. The effect
of the movement was to shorten the steel rails either by buckling or telescoping after
the snapping df of the fish plates. The smal trestle in the distance is traversed at an
acute angle by an auxiliary line of didocation and is similarly shortened. At the locality
shown in plate 33c, the buckling in the foreground resulted in the breaking of the rails.
Similar instances of the shortening of the steel are shown in the distance. Here the main
line of dislocation of the earth lies about 50 feet to the east of the track, and parallel with
it. Plate 33B is a nearer view of the trestle above referred to. Beow this point the
fault-trace lies in the stream bed for some distance, crossing the North Fork at a point
200 feet east of its junction with the Little North Fork. Two lines of faulting appear
here, both of which caused considerable damage to the railroad track; but the latter
having been repaired before the date of Mr. Matthes' visit, no measurements of offsets
were obtainable.

From this point southeasterly, evidence of dislocation aong the line of the Rift, in its
course up the valley of the South Fork of the Gualala, is obscured by the dense brush to
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joal
A. Bocky sream diff 50 feet high on north side of Alder £ gyt vertioal on
left of knolli auxiliary fault on right

0. Ban of E. E. Fitch, north of Manchester. Adtride the fault. F. E. M.

B. Fault passing under bridge over Alder Cresk, Bridge displaced not less than its
width, T. B, M.

D, East-west fence 0.25 mile north of Manchester offsst by fault. Fence ad road were
formerly straight and have been repaired. Looking east, t. b. M.
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apoint east of Stewart's Point. Here the line runs on the lower side of a double series
of low ridges, interspaced with elongated swamps, and al trending paralel with the
river. (Seefig. 13) Itsbearing isN. 33° W.. altho only short sights could be obtained
on account of the timber and brush. The bearing noted is nearly in line with the axis
of the valley of the South Fork of Gualala River. The amount of didocation could be
estimated only in a rough way from the offsdts in the road leading east from Stewart's
Point to Lancaster's ranch. A few neglected picket fences gave doubtful results, the
alinement of the pickets having been previoudly disturbed by forest fires, fdlen trees, etc.
The horizontal movement is distributed over two strong, and one or more dim, lines of
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FIG. 13.—Map of valley of South Fork of Gualalaliiver, showing relation
of fault-trace to geomorphie features.

faulting, dl of them producing offsats ranging from a few inches to several feet. The
total displacement apparently did not reach 8 feet. As will be apparent from fig. 13,
a logging road runs southeast parallel with the fault for 0.75 mile, and then crosses the
same at an abrupt turn. It so happens that the road at this point has been cut thru one
of the narrow ridges referred to, the depth of the cut being about 7 feet. The movement
on the fault has practically closed the cut, so that it is now barely passable on foot.
The bridge over the South Fork of the Gualala River, 3 miles east of Stewart's Point, had
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itsfloor and end panels bent and the tension rods in the last two panels were buckled
and twisted.

The upthrow on the fault east of Stewart's Point is on the west side; but farther up
stream, where the fault runs along the steep west side of the valley bdlow Casey's ranch,
the upthrow is apparently on the east side. The foot trail from Casey's ranch to the
river folows a marked longitudina depression in the steep dope for 100 feet, and it is
adong the abrupt west side of the small ridge flanking the hollow (see fig. 14) that the
fault-trace is located. The upthrow measures fully 2 feet, while the height of the
ridge above the hollow varies from a few feet to more than 10 feet. The depression
pitches to the north and is drained by a tiny brook. The fault-trace happens to coincide
with the latter at a point where the trail crosses the watercourse over a rough wooden
bridge. The horizontal movement along the fault practically destroyed the bridge. No
measure of the displacement could be obtained here, but the indications are such as to
warrant the beief that it did not amount to 15 feet, and that probably some of the
horizontal shear had been distributed over minor lines of displacement higher up the
dope, and marked by landslides. These landdlides above the depression in which the
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FIG. 14—Profile of southwest side of South Fork of Gualala River, showing relation of fault to
geomorphie features.

fault-trace lies are an important factor in the interpretation of the phenomena. It is
eadly possible that the scarp looking southwesterly over the depression referred to does
not represent the real movement on the fault plane, but is a landdide effect. In any
event, the proximity of the landdlide weakens very much any judgment that might be
formed, implying a reversal of the vertical movement which normally prevails along
the line of the fault.

From Casey's ranch southeast, detailed observations were found to be impracticable
owing to the dense tangle of brush and fdlen timber. The ridge between the upper
stretch of the river and the coast is crost by the fault-trace thru a swampy saddle above
Plantation House, and the fault-trace traverses the swamp. Plantation House stands
practically on the line of disturbance, about midway in a zone 270 feet wide traversed
by six roughly paralel lines of rupture. The genera bearing of the principal line was
found to be N. 38° W. Southward the main fault passes thru a series of swampy hollows
along an abandoned road, now impassable because of the cracks thru it. The line was
traced south for 2 miles, its general appearance being found to remain the same thruout.
There is a marked upthrow along its west side, not exceeding a foot at any place. Where
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it crosses the stage road at the Plantation House, the vertical displacement on the main
fault measured 6 inches; that on the secondary lines did not exceed an inch.

At Buttermore's ranch, about a mile east of Timber Cove, the displacement is dis-
tributed over three fissures, the principal one running 30 feet west of the dwelling. It
intersects three fences, all of which show offsets of about 8 feet. The origina crooked-
ness of the fences and the repairs made since the earthquake make the accurate determi-
nation of the displacement impossible. The fault-trace was followed for some distance
south and north from the ranch thru the forest, and found to follow the swampy depres-
sions most of the way with low scarps or ridges to the west. The ranch and its fields
lie for the most part in a broad swampy saddle. The upthrow in this neighborhood is
on the west side, not exceeding 15 inches anywhere.

FORT ROSS.

North and south of Fort Ross, the phenomena of displacement arewell displayed, both on
the open-terraced coastal slope and inthetimber. The rupture follows for the most part a
single well-defined line in the path of the old Rift, coinciding in many places with ancient
scarps and the dopes of low ridges. (See plates 35A and 36D.) The fault-trace is com-
monly marked by aridge of heaved sod with diagonal cracks as illustrated in plates 35B
and 36B. New scarps occur as shown in plates 36¢, and 38A, B, aswell as accentuations of
old scarps. There are, however, several subparallel cracks. Two of these, having each
alength of about 150 feet, lie to the west of the main line at a point 1,250 yards northwest
of Doda's ranch-house, one 50 and the other 100 feet distant from the main crack and
disposed en echelon. Within 300 yards to the southeast of this are two short cracks till
closer to the main one, and springing from it, at about 450 yards northwest of Doda's
ranch-house, is a parallel crack 440 feet in length and 60 feet from the mainline. In this
case the scarp appears upon the auxiliary crack, and not upon the mainline of rupture.
Between the short discontinuous crack and the main line is a swampy depression. On
the southeast side of the ravine, southeast of Doda's house, the main crack is paralleled
by two subordinate cracks, one on each side. That on the southwest side is about 250
feet long and 50 feet from the main line. It has a low scarp facing northeast, but not
so pronounced as that on the main line of rupture. The crack on the northeast side of the
main line has a length of about 1,125 feet and converges upon the latter toward the
northeast. At its northwest end it is 190 feet from the main crack and at its southeast
end only 50 feet distant. It has a low, discontinuous scarp facing northeast.

In a distance of 7,250 feet measured along the lineof the fault, there are twelvestretches
of scarp ranging in length from 125 feet to 1,000 feet, counted both on the main and on the
auxiliary cracks and aggregating 3,000 feet in length. Of these eight face northeast and
four southwest. The eight scarps facing northeast aggregate 2,250 feet in length, while
the four facing southwest aggregate 750 feet. Two of the southwesterly facing scarps,
however, aggregating 375 feet in length, are on the descent to the ravine southeast of
Doda's house, where there is considerable diding of the ground, and they may possibly
be accounted for as secondary features due to landslides. The other two scarps facing
the southwest are unexplained. They are abnormal aid are so exceptiona that they
scarcely weaken the general conclusion that the vertical component of the movement on
the fault was upward on the southwest side. The amount of this vertical movement
in the vicinity of Fort Ross probably does not exceed 3 feet. In the first hasty examina-
tion of the ground, it appeared as if the amount of vertical movement might have been
as much as4 feet. This impression was due to the fact that in places preexisting scarps
were closdly followed by the fault-trace, and a sufficiently careful discrimination was not
made between the proportion of the scarp due to the new displacement, and that due to
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earlier movements. A review of the facts indicates that the addition to the height of the
old scarps and the total elevation of the new ones rarely, if at all, exceeded 3 feet. In
general it was less than 2 feet.

The distribution of the line of faulting for a typical stretch of the Rift near Fort Ross,
the auxiliary cracks, the disposition of the
scarps upon these, and the relation of the
whole to the old Rift features, are wdl
shown onmap No. 3 by Mr. F. E. Matthes.
The horizontal displacement is also indi-
cated on the map, but this needs more
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Where the road just mentioned intersects
046 b . the fault-trace, both the road and the
-2-0 bordering fences were offse about 7.5
feet, with a dight sag on the northeast
side. Thezone of shearing here was from
10 to 20 feet wide. A wagon road on
the Cdl ranch, south of the one above
FIG. 15— Offset of fence by- referred to, was offset 12 feet 3 inches,
fault at Fort Ross showing 5,40 W . » the line of dislocation being marked by
distribution of the deforma- (-9 an open fissure in the soil a few feet deep,
}Lﬂt On&ﬁg;hwifonﬂiin C%f and se\_/eral short diagona cracks, as
e = o0 ot Norrral o shown in plate 36c.  Another offset
feuce, 1 inch =20 feet. fence is shown in plate 36A, the displace-
3+6 M ment being here 8 feet at the fault-trace.

g-off The effects of the earth movement in the

timber to the south of this are well shown
in plate 34A. Severd large trees stand-
ing on the fault line were split or torn
. asunder. The offst of the south line
F° fence of the Cdl ranch was carefully

surveyed by Mr. E. S. Larsen, and the
results of his survey are shown in fig. 15. The bearing of the fence isN. 36° E. He
reports that for the first 1,000 feet from the southwest end of the fence the greatest
error in alinement was about 1 inch, and that practically there was no deformation in
this stretch. In the next 125 feet going northeast there was found a deviation from
this alinement of 4 inches to the southeast. In the next 50 feet the deviation in
the same direction was 7 inches more. In the next 140 feet the deviation in the same
direction was 3 feet 7 inches more. Then came the fault-trace with an abrupt displace-
ment of the fence of 7 feet 5.1 inches. Northeast of the fault-trace the fence retained its
line very well. In 100 feet it was out only 1 inch. Beyond thisit enters the timber and
its course is somewhat influenced by the larger trees, but maintains its line within a
few inches. These measurements give atotal horizontal displacement of 12 feet distrib-

N.36°E.
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B. Didocation of fence near Fort Boss. J. N. L.

Fanlt-trace in redwood forest near Fort Ross. J. N. L.
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PLATE 35

A, Ageevtustion of old moatp y new foult 1.5 miles north of Fort Boks. JRL

B. Faglt-trace o2 grun-covered giope nesr Turt fow. E.LE



PLATE 36

0. Roadway offst 12 feet. New fault-scarp 3 feet high, facing northeast. Above Fort Boss. F.E. M.

B, Fault-trace and didocated fence near Fort Boss. B. S. H.

D. Acoentuction of dd fanlt-soarp by new fault. Neer Fort Boas. F. E. M.



PLATE 37

A, Offsgt of stream trench by the fanlt and ponding of water by the fanlt-soarp. Doda's ranch, a mile southeast of
Fort Boss. A, O. L.

B. The fault-trace a mile northwest of Bdlin&s Lagoon, looking southwest! Ilkstrates theridg® phase. G. K. G.
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uted over a zone 415 feet in width. Another fence farther southeast on Doda's ranch,
having a bearing of N. 36° E., was offsst on the fault-line 15 feet; the southwest side, as
usual, having moved relatively to the northwest.  This fence is shown in plate 34B. One
of the most interesting effects of the displacement due to the fault is that seen where
the latter intersects a small stream at Doda's ranch-house. The stream flows trans-
versely to the line of the fault, and has a trench across the terrace about 5 feet deep.
On the lower or southwest side of the fault, the stream trench has been moved north-
westerly about 12 feet, so as to bring a fault-scarp across the entire width of the upper
part of the trench and impound its waters in the form of a pool. The result is shown in
plate 37A and aso on Mr. Matthes' map of the Rift at this place (map No. 3). The
impounding of the waters on the line of the fault is interesting evidence of the absence
of any open crack.

BODEGA HEAD TO TOMALES BAY.

The location of the fault across the neck of land which connects Bodega Head with the
mainland was determined by Prof. J. N. LeConte. He reports that on the south side
of this neck the main earthquake fissure was found passing about 50 yards west of a house
occupied by Mr. Johnson. It could be traced as a multitude of small cracksin the swampy
land from the bay to the road, then as a well-defined fissure up the small depression west
of' the house for 200 yards to where it disappeared in the sand dunes. No trace of it
could be detected in the sand dunes, which reach from this point entirely across the penin-
sula.  Only one fence crosses the fissure and this had been repaired so that no measure-
ment of the displacement was possible. The movement was evidently northward on
the west side, as was shown by the direction in which the bushes were bent. The vertical
movement was about 18 inches, the uplift being on the west side. The sand spit which
closes the bay on the south was examined for evidence of movement, but nothing could
be detected in the drifting sand.

At the mouth of Tomaes Bay there are two points projecting westward from the east
shore, and both of these, according to the observations of Prof .R. S. Hoiway, are crost
by the fault-trace. Thefirst is along, flat sand-spit extending well across the mouth of
the Bay just south of Dillon's. The line of the fault was still visible in the sand on
June 11, 1906, in spite of the obliterating action of the wind and the recent rains. The
line lies near the base of the spit and has a northwest-southeast course. On each side
of the crack are crater-like depressions, some of them being double or overlapping.
Mr. Keegan, the owner of Dillon's Beach, reported that these craterlets were numerous
and distinct. In some instances agreat deal of sand and water had been gected.  Others
are reported on the southwest side of the fault-trace, from which the belt containing them
extends some 70 feet. The craterlets vary in size up to 6 feet in diameter and it is
reported that on the day after the earthquake the water which stood in them could not be
bottomed by afishing pole.

About 15 miles southeast of this spit is a promontory about 100 feet high projecting
into the bay. Some 400 yards from the end of this promontory on top of the ridge is a
line of depression with two or three small ponds. The main fault fissure here divides into
two cracks, one each side of this depression, which is about 150 feet in width.  Stand-
ing on this ridge, the line of the fault can be traced at low tide for nearly 15 miles across
the bottom of the bay to the sand-spit to the northwest, its course in general being parallel
to the axis of Tomales Bay. (See plate 38c.) The horizontal displacement where the
fault crosses the promontory is about 8 feet, as determined by the line of tall grass at the
edge of the little ponds, the westerly side having shifted to the northwest.

F
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TOMALES BAY TO BOLINAS LAGOON.
BY G. K. GILBERT.

The Fault-trace. — The trace traverses the zone of the Rift. Its general course is N.
35° W. and it nowhere departs more than a fev hundred feet from the straight line
connecting its extreme points. For considerable distances it is a single line of rupture;
elsewhere it is divided into parts which separate and reunite; and in yet other portions
it is composed of unconnected parts arranged en echelon. There are no vertical
sections exhibiting hade, but the relation of the trace to doping surfaces indicates that
the fault-plane is approximately vertical.

For considerably more than hdf its length the surface expression is a ridge from
3 to 10 feet wide and ranging from a few inches to about 15 feet high. (See plates 37B
and 40A.) The ground constituting the ridge is in fragments, loosely aggregated, so
that there are considerable voids. Where pasture lands are crost the turf is torn into
blocks, and these, in conjunction with the cracks which separate them, make up a pat-
tern. This pattern is adways irregular and sometimes gives no evidence of system, but
usudly its lines have a dominant direction, traversing the ridge obliquely, the northern
ends of the cracks pointing toward the eastern boundary of the ridge, and the southern
ends toward the western boundary. The cracks have resulted from stresses connected
with the horizontal faulting, in which the southwest block moved northwest with
reference to the northeast block. (See plate 39.)

In other places, and usually for short distances, the surface expression is a shallow
trench (plates 40B and 46B), with ragged vertical sides from 2 to 5 or 6 feet apart, and
occupied by loosdly aggregated fragments of the ground, the pattern of the fragments
and interstices being similar to that observed in the case of theridges. This phase sug-
gests that just below the surface the fault may be somewhat open, so that there has been
an opportunity for fragments to drop into it.

In a third phase the ground is not notably elevated nor deprest but is traversed by a
system of cracks obscurely paralel one to another and making an angle of about 45°
with the general direction of the trace. Their orientation is such that they run nearly
north and south. The cracks do not meet, but leave the intervening strips of ground in
full connection with the undisturbed ground outside the trace. This phase occurs chiefly
in wet alluvium.

There are a few spots where for short distances the surface expression is a smple
straight fracture along which horizontal motion took place.

In the detailed descriptions which follow, the first three phases described above will be
spoken of as the ridge phase, the trench phase, and the echelon pliase.

The most southerly observation of the fault-trace was on the spit separating Bolinas
Lagoon from the ocean. Near thewest end of the spit its surface is covered by small dunes,
and among these the trace was seen in its echdon phase. After alapse of nine months
the drifting of the sand had abliterated most of the cracks, but a few were still visible.
Inside the spit lie a number of islands, the largest of which, Pepper Island, has a nucleus
of sand (the vestige of an ancient spit), but superficidly consists mainly of a fine tidal
deposit. In the earlier field excursions the fault-trace was here overlook” the echelon
cracks by which it is represented being mistaken for secondary cracks, but at the present
time (spring of 1007) it iseadily traced, even from a distance, because the vegetation on the
two sides of it has acquired different colors. Unfortunately the camera does not dis-
criminate these colors.  (Plate 41A.) The echdon phase here dominates, but the ground
east of the trace is deprest about a foot, and this depression has so changed the relation
of certain plants to the tides that they now find the conditions of life unfavorable and are
dvinj! out. This matter will be consdered more fully in another connection.



PLATE 38

A, Fault-trace in dd depresson marked by scarp 3+ feet high, with auxiliary scarp above B. Fault-trace marked by scarp 3+ feet high on west side, Southeast of Fort Eosg,
Dodds ranch, a mile southeast of Fort Boss. Looking southwest. F. £ M. looking southwest. F. E. M.
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D, Fault-trace between garden and house, Skinner's ranch, near Olema.  Before earthquake
center lines of path and steps were coincident | afterwards offsgt was 15 fest 9 inches.

0. Fault-trace extending from diff in foreground across tiddl flats of Tomees Bay,
near its mouth. E. S H.



PLATE 39

A, Branch of fanlt-traoe in north part of Bolinas. Looking north-northwest. Illustrates diagona cracks. &. K. G.

B. Branch of fault-trace, near Buadietti's ranch. L0oking tooth. Illaatrates diagesai cracks. G. K. G.



PLATE 40

Pault-trace a mile northwest of Olema.  Looking northwest. Illustratesridge phase. G. K. G.

B. Thefault-tracewest of Olema  LooHng southeast. |lInstrates the trench phase. G. K. &.



PLATE 41

A. Looking southeast OE Pepper Island. In the foreground the fault-trace is central. It trends
toward the distant +. Q- K. Gh

B. Looking north from hill west of Woodville. From traildings (Strain ranch) alarge rift ridge rans northwest between 2 lanlt-sags.
The western sag is followed by Pine Gulch Creek. Fault-trace raas from right of pond in foreground to left of buildings and
follows gag for a mile gradually crossing it, Q. K. G.
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In the X1 S. Geologicd Survey map of this region the islands are not represented.
In fig. 28 they are represented as they appear at half-tide, or, more strictly, the parts
shown are those covered by vegetation. Thisfigure aso shows the corresponding part of
the delta of Pine Gulch Creek.  After crossing Pepper Island and a smaller idand imme-
diately adjacent, the fault-trace disappears under the water of the lagoon and it was next
seen on the mainland of the southwest shore near the head of the lagoon. In the interval
it probably crosses the delta of Pine Gulch Creek between the lines of high and low tide,
but this tract was not examined until after the floods of March, 1907, which overspread
it with alluvium. A disconnected group of cracks opening in the aluvia plain of the
creek about 400 yardsto the west (plate 39A) probably marked the position of a divergent
branch of the fault. This line of disturbance crost the creek and road near the bridge
in the northern settlement of Bolinas, trending approximately north and south and fading
out in both directions.

Thetrend of the fault-trace on Pepper Island is about N. 34° W., and if continued would
bring the trace to the shore at the head of the lagoon, but its actual position on the
mainland is farther west, indicating that there is either a swerving, or an offset in the part
not seen. Near the shore the fault occasioned a number of landslides which obstructed
the road until removed; and beyond the confusion occasioned by the landdides the trace
congists of a number of subparallel cracks occupying a belt several yards in width.
There is dso anearly parallel branch of the trace in a fault-sag lying a little farther west,
but this could be fallowed only a short distance, and has since been largely obliterated by
plowing. Mr. Nunes, who cultivated this sag, states that it once contained a pond or
marsh, and this he had drained, but the water stood there again after the earthquake,
showing that the earthquake had caused a depression of the bottom of the sag.

The diffused cracks on the main line soon gather into a narrow belt and descend into a
narrow sag, containing the barn and other farm buildings of the Steele place. After
following the sag for a short distance, the trace gradually rises on its eastern wall, crosses
obliquely an intervening ridge, and enters a parallel sag toward the east. In this sag,
which also is narrow, the trace intersects one of the roads leading from Bolinas to Wood-
ville and immediately begins to ascend the narrow ridge bounding the sag on the east.
Crossing thisridge obliquely, it skirts for 0.25 mile the western border of the much broader
sag in which the water of Pine Gulch Creek gathers before it enters the canyon from
which it isnamed. Thiswall it descends obliquely, and, just before reaching the bottom
of the sag, intersects and offsts a line of eucalyptus trees marking a property and town-
ship boundary. The ridge phase dominatesin thisregion (plate 37B), and near the line of
eucalyptus trees the trace itself has a small offsat to the west. (See fig. 18)

Now for nearly haf a mile the trace follows a valley-bottom, being divided on the way
between two or three branches. The ridge phase obtains, but there are severa places in
flat aluvia ground where the ordinary group of cracksis replaced by a single crack with
clean shear. On Mr. Strain's place two fences were crost which afforded measurement of
horizontal displacement. Beyond them the fault-trace becomes once more single, and,
after passing a group of very small ridges and sags, begins to climb the eastern wall of a
larger sag, which here contains Pine Gulch Creek. (See plate 41B.) Along its line there
soon develop a small sag and ridge constituting a sort of shelf or notch on the wall of the
deeper sag (plate 42A), and in this small sag are severa ponds. (Plates 10A, 54A, and
55A.) The sag first rises for a distance and then gradually descends. The fault-trace
exhibits here in alternation the ridge and trench phases, and at many points there is an
apparent vertical displacement with throw of 1 or 2 feet toward the northeast. (Plates
10B and 48B.) Near Bondietti's house the individuality of the sag is lost, and the
fault-trace swerves somewhat to the east. A pardlel trace develops west of it, and the
two come together near Beider's place. Northwest of Belder's is a relatively high fault
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ridge, and the fault-trace climbs the end of this, following a narrow groove or ascending
sag. Heredso are ponds. Farther on it passes to the east of the ridge crest and follows
a sde-hill sag similar to the one followed 2 miles farther south, except that it is on the
eastern instead of the western face of the fault ridge. (Plates 8B and 9A.) The apparent
vertical displacement is here in the opposite sense, the west side having apparently dropt,
but the throw is small.

Thence the trace descends obliquely to the canyon of Olema Creek 150 feet below.
Where the creek makes a decided bend toward the west the trace crosses it twice, and
then follows near its west bank for severa miles. Not far from the second crossing it is
subject to a series of offsets, giv-
ing to the trace as a whole the
same echdon character com-
monly observed in the arrange-
ment of its details. It is note-
worthy that where these offsets
occur the trace swerves some-
what toward the right and the
new line begins at the left, so
that the arrangement is essen-
tially a magnification of the
arrangement of cracksin what |
have cdled the echelon phase
of the fault-trace. There is this
difference, however, that the ele-
ments of the larger echelon make
a comparatively small angle with
the general course of the trace.
At several pointsin this part of
its course the trace follows steep
dopes from which the timber
has not been cleared. On these
dopes, which face the northeast,
its course sometimes coincides
with that of a very narrow sag
occupied by marshy ground.
Elsewhere it crosses an upland
ot SN to which a series of sags gives
10— vree of T from Peoor) reee south gentle undulation and here it

- 10— Map ot Tiuit-tnwe from Papormill treek south- touches or passes near a humber

ward. - Scale, L2 of ponds. (Plate43.) Theroute

of the fault-trace in this region and thence north to Papermill Creek is shown by fig. 16,
a compilation based on data from several sources, including a few origina measurements.

A mile south of the village of Olema the trace enters a sag which isfollowed continuously
for nearly 3 miles. At first the sag is narrow and is attached to the northeast dope of a
ridge, but approaching the Shafter place the ridge crest sinks and a broad sag replaces it
intheline of trend. (Plate42B.) In following the eastern edge of this sag from the Shaffer
place to Papermill Creek the fault-trace aso follows the western base of a line of hills.
The hills are peculiar in that their western, or more strictly southwestern, base, being
determined by faulting, is nearly straight (plate 42B); while their northeastern base,
modified by the erosive action of Olema Creek, is.scalloped.  In thisregion the ridge, phase
of the fault-trace dominates, being occasionaly replaced by the trench phase. (See

7




PLATE 42

A. Sagfdlowed by fault-trace amile north of Strain ranch, Looking southeast. Trace, ooncedled by bushes, runs near ponds, GK. Q.

B, Looking southeast from point near Shafter's ranch, Okma. Panlt-traoe follows base of hill and includes water filled depresiion.
. Q. K. Q.



PLATE 43

A, Fault-trace 1.5 miles south of Olema. Looking southeast. Trace touches hoth ponds, being
best seen between them. G K. G.

B. Looking southeast across hill-top a mile south of Olema.  Shallow sag gives hill double crest
and makes a pond basin. The fault-trace, both in foreground and beyond, is divided m

severa branches. G. K. &.
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PLA

Fanlt-trace amile northwest of Olema. Looking northwest. G. K. Q.

Fanlt-trace amile northwest of Olema  Looting southeait. G. E. G.



PLATE 45

A. Pault-trace on Papermill delta.  Looking northwest. The water lanes are largely at right of main line of fracture. 0.1. G.

ut [xvarness. Lockiag senth-ic/1l-2ta W

B. Branch of fault-trace in " Second Vrtlflr.
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plate 44.) A few minor branches were seen on the east side. The pool or lane of
water shown in plate 42B is about 2 feet deep. Mr. Shafter states that the ground here
was dry and under cultivation before the earthquake.  Shortly after the shock he noticed
that the current of a creek dose by was reversed.

Just south of the head of Tomaes Bay, Papermill Creek enters the valley from the east,
crosses to the southwest side of the valley and then turns toward the bay, in which
it has built adelta.  The delta occupies the whole width of the bay and is about 3 miles
long, the greater part of it being submerged at high tide. At the head of the delta Olema
Cregk joins Papermill, bringing its tribute of detritus; and on the opposite side of the
valley Papermill Creek receives the water of Bear Valley Creek, which brings no sediment
but filters for some distance through a marsh. At the head of the delta a road crosses
the valley, resting partly on the delta and partly on the marsh just mentioned, and fur-
nished with an embankment to lift it above the floods. Just before reaching this road
the fault-trace enters the marsh, where it quickly expands to a width of nearly 60 feet
and exhibits the trench phase. Not only was the road offsst by the fault and earthquake,
but the portion between the walls of the trench was dropt down, the embankment sink-
ing into the soft earth until nearly flush with the marsh. In restoring the embankment
about 35 feet of earth were added. Close to the road Papermill Creek was crost, with
offsatting of banks, and thence the fault was continued thru the delta to its end. (See
plate 46A.) Its course is nearly straight and of such

direction as to pass just outside the end of the cape
near Millerton, the bearing being N. 35° W. At severd
pointsit is margined on the northeast by a lane of
water (plate 45A), indicating that a narrow tract
on that side is deprest, but no evidence was found of
a genera depression of land on one side of the fault as
in Bolinas Lagoon. The echeon phase is dominant;
the ridge phase does not appear. The trench phase

obtains for short distances, and is combined for larger ~ 7°- 17-13]5?;;!;231;%21;;0; faute
distances with the echelon. Where the trench phase

occurs, it coincides with the zone of abundant cracks and is thus distinguished from
the sag holding the lane of water.

The general relation of the sag to the fault-trace is shown in fig. 17. It occurs only on
the northeast side, but is so persistent that, from a commanding position, the fault can be
traced out by means of the water lanes. The depression will probably average more than
50 feet wide, but it eludes measurement because it fades out gradually on the side away
from the fault. The greatest noted depth is 17 inches, but the average is probably less
than a foot. In attempting to interpret this feature | assume that beneath the smooth
plane of the delta, and buried by its soft deposits, is a variegated topography of the rift
type; and the hypothesis | advance is that the new-made sag on the delta plain is the
surface echo of a fault-sag of the buried topography which was made deeper by the event
of April, 1906. It has aready been pointed out (page 67) that the sags of the Rift
which were touched by the new fault were apparently deepened; and if the true explana-
tion of the delta-sag has been suggested, we have in that feature an indication that the
deepening was not only apparent but real.

At the northern edge of the Inverness settlement is an outlying or branch fault-trace
about half amilelong. (Plates45B and47A.) Starting in what is called the " Second Val-
ley," it ascends to a mesa and then descends toward the "Third Valley," its course being
about N. 20° \V. In crossing the upland it is associated with a fault-sag and there exhibits
the trench phase with horizontal displacement. of 2.5 feet. Two shorter traces, trending
northward, occur on the dope between the "First Mesa' and the "Second Valley."
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Measurements of throw. — At dl points where horizontal throw was observed, the
ground at the southwest, as compared to ground at the northeast, moved northwestward.
On Pepper Island in Bolinas Lagoon a'horizontal displacement was shown by jogs in the
directions of the south coast, of the limit of vegetation at the north, and of awell-defined
change of flora dependent on the relation of land levels to tide. These various features
are too indefinite to give value to measurement of offset, but the general indication is
that the amount of throw is somewhat larger on the island than at the nearest points of
measurement on the mainland.

A mile northwest of the head of Bolinas Lagoon the fault-trace intersects a row of
eucalyptus trees which had been set to mark a property line, the boundary between lands
of S. S. Southworth and S. McCurdy. The row is now both dislocated and curved, and
as there is reason to believe it was originally ained with care, its present condition shows
the distortion of the ground at the time of the earthquake. The fault-trace, as shown by
the accompanying map (fig. 18), is here offset en Echelon, and the row of trees is not only
crost by one section of the trace but approached by the other. At the point of crossing
the didocation is 10 feet. On the northwest side of the fault are six trees, al in line.
On the southwest side are a dozen or more trees of which all but three are inline. If the
line of either straight division be projected across the fault (broken lines in map) it
passes 13.5 feet to the left of the line of the other division. The three trees nearest the
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FIG. 18—Dislocated row of Fio. 1&—Dislocated fence on farm of S. S. South-
eucalyptus trees. worth, near Woodville.

fault on the southwest side follow a gently curving line. The indication is that about
three-fourths of the whole displacement occurred on the main plane of the fracture, and
the remainder was diffused thru the ground adjoining on the southwest. A closdly related
condition exists a the southern limit of the same field, where the fault-traceintersects
afence atright angles. The offset is 7 feet 8 inches, and this is accompanied by a change
of direction. (Fig. 19.) Unfortunately the fence is too short to indicate in full the
changes of the ground, but the suggestion is that in addition to the visible offset, there is
a diffused shear affecting the ground southwest of the fault so that the entire displace-
ment is greater than the amount shown by the offset.  Assuming the fence to have been
originaly straight, the total displacement here was more than 12 feet.

On Mr. E. R. Strain's place, west of Woodville, measurements are afforded by the dis-
turbance of two fences. The more southerly (fig. 20) is crost by two visible branches of
the fault, and there is probably more or less diffused shear in the intervening ground.
The fence, said by Mr. Strain to have been originaly straight, has now two straight por-
tions, AB and CD, and the distance from AB to E, on the line of CD produced, is 15
feet. The second fence, standing a little farther north, is intersected by one visible fault-
trace, the continuation of the trace which crosses the first fence near B. On this
line the fence is broken and offset 85 feet. The remnant of fence to the southwest
is straight, but swerves in approaching the fault-trace, as indicated in fig. 21 and in
plate 49A. The total displacement of the straight portions of the fence is about 11 feet.
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The four locdlities last mentioned are included in the space of 0.5 mile. Ther severd
indications of the total displacement, in the order of position from south to north, are
12+, 13.5,15, and 11 feet. The range of these determinationsis 4 feet and their approxi-
mate mean 13 feet. At each locality the indicated displacement consists partly of definite
faulting along one or two planes of fracture, and partly of diffused shear, distributed thru
abelt of rock, or at least abelt of soil. Atjeach locality the indicated shear is dl in one
direction. At each locality the measurement depends for its authority on the assumption
that the disturbed fence or row of trees was originally straight.

Eight miles farther north, at Mr. W. D. Skinner's place, near Olema, the entire fault is
apparently concentrated in a single narrow zone, and the severa measurements made
are in close accord. The fence

south of his barn (fig. 22) was / '/
offst 155 feet. The barn, be- / /
neath which the fault-trace past, P n / (
remained attached to the foun- y- / ¢ j>
dation on the southwest side, but E— ( f
was broken from it on the north- / /
west sde and dragged 16 feet. f <e

A path in the garden, originally
opposite steps leading to the
porch, was offset 15 feet. (Plate
38D.) A row of raspberry
bushes in the garden was offst g
145 feet. The mean of these :
four measurements is 15.25 feet, :
and their range is 15 feet.

The road running southwest
from Point Reyes Station and
crossing the valley at the head of Papermill Creek delta was offsst 20 feet. (Fig. 23
and plate 47B.) AS the fault-trace at this point was between 50 and 60 feet wide, and
as the embankment of the road for that distance was broken into several pieces, it was
not possible to make certain that the dissevered remnants of the road had originaly
been in exact dinement. It is probable, however, that the road was approximately
straight before the earthquake, and that the exceptionally great offset at this point is to
be explained as the result of ahorizontal shifting of the surface materials. The embank-
ment of the road rested on marshy ground so soft that a portion of the embankment sank
into it, and material of this character was in other localities demonstrably shifted.

A number of other measurements of displacement were made, but these, for various
reasons, do not seem worthy of record, altho some of them were noted in an earlier report.
Severa were connected with the dislocation of trails, but in every such instance the trail
made only a small angle with the strike of the fault and part of it was broken up aong
with the fractured turf. The endeavor to find more favorable angles of intersection drew
attention to the fact that because the dominant trend of hills and valleys in the Rift is
northwest-southeast, the lines of easy travel, minor aswell as main, are largely pardlel to
thefault-trace. Other measurements were connected with the offset of fences, and, atho
definite in themselves, have little value because there is reason to bdieve they represent
only apart of the loca displacement. The part represented by them isin every case less
than 10 feet. It is noteworthy in this connection that most farm fences which were
intersected by the fault-trace either terminated within a few yards of it or changed direc-
tion at about that place. Like the trails, they were adjusted to topographic peculiarities
created by earlier faulting adong the same line.

i r + Ru  Strain, near
FIGS_mand 21—~Dldme3/00d?||&e? fam of Er R
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The phenomena of vertical displacement are in general so irregular as to indicate that
they were determined chiefly by surface conditions. Where the ground doped toward

FIG.22.—Pan of Skinner premises, showing char-
acter of displacements measured. The broken
lines show posdtions of hushes, path, axd
fence before earthquake in relation to objects
west of fault; dso postion before earthquake
gff ?orr|1er of barn with reference to ground east

ault.

not accompanied by visible elevation

the northwest the horizontal throw caused an
apparent vertical downthrow to the northeast.
(Plate 48A.) Wherethe ground doped toward
the southeast an apparent vertical throw to the
southwest was produced. Where the fault-
trace followed a narrow sag interrupting the
side dope of aridge, the apparent vertical throw
was on the side toward the ridge, as indicated
in the diagram, fig. 6. (See dso plates 10B and
48B.) The only unqualified record of vertical
displacement is on Pepper Island in Bolinas La-
goon, where the mean of seven measurements
shows a downthrow of 12 inches on the north-
east sde. The question whether the faulting
along the plane of rupture was accompanied by
the elevation or depression of large areas will
be discust in another place.

Movement normal to thefault-plane. — Where
the fault-trace is a trench, imperfectly filled by
fragments of soil and rock, it is clear that the
walls of the fault stand farther apart than before
the earthquake. Where the fault-trace has the
echelon phase and consists of asystem of cracks,

of the surface, it is also evident that the walls

stand farther apart. Where the fault-trace is a ridge, composed of fragments of soil,
with more or less interstitial void, it may be assumed that the voids are at least equiva-

lent to the ridge in volume. As the fault-trace is made up
almost wholly of these three phases, it follows that in the visi-
ble part of the fault its walls did not approach as a result of
the faulting but receded a little.

In this connection mention may be made of the fact that
at the Shafter ranch a fault crevice was momentarily so wide
as to admit a cow, which fdl in head first and was thus
entombed. The closure which immediately followed left
only the tail visble. At this point the fault-trace was a
trench 8 or 8 feet wide, and the general level of the soil blocks
within it was 1 or 2 feet below that of the adjacent undis-
turbed ground.

One suggestion in connection with the recesson of the
fault walls near the surface of the ground is that temporary
stresses incidental to the faulting caused permanent com-
pression of the adjacent terranes. It is a fact familiar to
engineers that most superficial formations, while in their
natural, undisturbed condition, have a structure involving
voids, and that they may be comprest by overpowering this
structure. But, if | understand the matter, such formations

FI1G. 23.—Didocated road shown
inplate47B. Pardlld linesrep-
resent whed tracks. Ramify-
ing lines indicate cracks of
fault-zone.

are not compressible (except elastically) when their voids are full of water, so that
accommodation for dilatation of the fault-zone could have been made in this way only so
far asthe ground was dry.  As the ground was full of water in many places — including,



A, Fault-trace on Papermill delta.  Looking northwest, ff. K. G;

B. Punlt-traos at tha Bkinner plaoe, zear Olama. Dlwsteating trench phay, 0. X. &,

PLATE
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PLATE 47

B. load offsg bj fault. Looking tcraiinrMt. G. K. Q.



PLATE 48

A. Fault-trace amiLe northwest of Olema  Looking south, Appearanoe of vertical displacement largely due to combination of
horizontal disnlaoement with dopeof ground. G. TL, Q-

B. Fadt-tr& oe Bear BoEdietti'a rftnoh.  Looking soathwMt. Shows Tsrtieal iisplseeatat terieriag asag. Horisontftl displ«e»«at
showa hj fenoe, which had hmu r»pak«d. &. K. Q.



PLATE 49

A.

Fence offset by fault. Looking northwest. Camera was alined with straight part offence
beyond the disturbance, to bring out flexure as well as offset of fence. Q- K. G.

B. Uracks made by esrthquake in tidsl mud near head of Bolinat Lagoon. O.K.G.
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for example, the locality of the cow incident, the Papermill delta, and Pepper Island —
the suggestion of lateral compression seems of little avail.

Another suggestion is that the surface phenomena are essentialy representative of
what occurred at greater depths — that is, that in depth, as wdl as supeficidly, the
faulting left the fault walls farther apart than they were before. Fissure veins show
that voids have often resulted from subterranean faulting. Unless the surface along
which the movement occurred is mathematically plane — or conforms to some equally
difficult geometric condition — the two fault walls should not accurately fit together
after the movement, but should tend to maintain contact thru only a part of their extent.
If thru a part of their extent they are separated, the wadls are on the average farther
apart than before.

There would necessarily be some adjustment thru changes within the rock masses on
the two sides of the fault. Compressive strains would be locally increased and reduced,
and there would be subordinate movements among the minor earth blocks of the great
shear zone whose surface features appear in the Rift. We have evidence of such adjust-
ments, in fact, in branches of the fault-trace and in a system of bedrock cracks presently
to be described; as wel as in the subsidence of the bottoms of sags in the immediate
vicinity of the fault. Interpreting other sag phenomena in the light of the long sag of
the Papermill Creek delta, the fault of 1906 appears to have permitted avery considerable
volume of material to sink into its fissure.

The general tendency of this discussion fdls in line with a generalization as to the Rift,
which in the Bolinas-Tomales region appears to show distinctly more local subsidence
than local elevation.

Earlier fault-traces. — Because the future is to be judged by the past, there is much
interest in the question of the frequency and recency of fault movements along the Rift
previous to 1906. In my later studies of the Rift belt, | have had in mind the possibility
of discovering fault-traces similar to that of 1906 but less fresh in appearance. In the
little bluffs at the edges of sags, and in the ponds and marshes, there is abundant evidence
of early faulting, but it is essentially geologic and does not necessarily pertain to occur-
rences of the past century or two. The fault-trace, however, is a relatively perishable
and transient phenomenon, and its preservation might have comparatively definite
meaning.

At two locdlities | thought | discovered old "traces" of the ridge type. In each case
the features occur on a hill dope where the trace made in 1906 appears in several divisions
or branches; and what | took to be old traces are distinguished chiefly by the absence of
cracks. The localities are close together, about 0.5 mile south of the Shafter ranch, and
may be identified by means of plate 43B. The features occur on the sope at the left,
but are too indefinite to be recognized in the view. If these old traces have been properly
identified, they are of very moderate antiquity. | should suppose that the ridges of
the recent trace would lapse to such a condition in four or five years and that they might
persist, under pasture conditions, for two or three decades. The history of the recent
trace shows that a single plowing means effacement, but the general appearance of the
field in which the old traces occur indicates that it was never plowed.

Cracks. — In preliminary reports | have classfied the earthquake cracks as pri-
mary and secondary, the primary being occasioned by strains which existed before the
earthquake, and the secondary being caused by the earthquake. With the multiplica-
tion of observations this classification has become increasingly difficult, and | now find
it more convenient to group the cracks as superficial and deep, or superficid and bedrock.

Many of the superficid cracks are in aluvium. In the fidd excursions of April and
May, 1906, they were seen in al alluvia formations within the Rift belt and for some
distance on each side. The greater number appeared to be merely partings without
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vertical or horizontal throw. In general they were not parallel with one another nor
were they otherwise systematically arranged, except that some of them were apt to
occur adong the boundary between aluvium and a firmer formation. They were ram-
bling rather than straight and were often branched. They ranged in width from a
fraction of an inch to several inches. They were seen from the train in the bottom-
land of Papermill Creek within a mile of Point Reyes Station. They were aso seen
in the delta of Papermill Creek, in the bottom-land of Olema Creek near Olema, and
in the delta of Pine Gulch Creek. They were seen in the bottom-lands and deltas of a
number of small creeks entering Tomales Bay from the west between Inverness and the
head of the bay. Other localities were tidal marshes a the head of Bolinas Lagoon
(plate 49B), at the head of Tomales Bay, and in small estuaries near Inverness. They
were seen in the marsh of Bear Valey Cresk near where the stream joins Papermill
Creek; and aroad embankment crossing that marsh was elaborately cracked and faulted
thru much of its extent.

It is noteworthy that the neighboring road crossing a marshy portion of the Paper-
mill delta was much less cracked, and the difference is probably to be ascribed to the
difference in height and strength of the two embankments. The thinner one suffered
the more.

The locdlities enumerated are merely those which came under observation. Within
the zone of high intensity no marshes and no bottom lands were seen which did not
exhibit cracks, and | regard their cracking as a general phenomenon. The elaborate
cracking of a roadway across one of the marshes seems specialy significant.  In the
adjacent soft marsh close attention was necessary to discover cracks. To alarge extent
they were conceded by the vegetation, and it is probable aso that many which were
opened during the earthquake agitation immediately closed again and were practically
obliterated by the welding of the mud. But the road embankment, being free from
vegetation and composed of comparatively rigid and brittle material, retained all the
cracks made during the agitation, and thus served to record the thoro shattering of an
unconsolidated formation when subjected to strong vibration. (Plate 50.)

Another class of superficial cracks affected hillsides, penetrating only the coating of
loose material — decomposed rock and talus. The conspicuous individuals of this type
are those that follow contours. Along these there was often a notable width of crack,
accompanied by a settling on the down-hill side, and many cracks of this type are still
visible. They are in effect the heads of incipient landslides and might with equal
propriety be described under another caption. They are numerous thruout the Rift
belt and fairly abundant on steep hillsides for more than a mile to the west. East of
the Rift they are inconspicuous and believed to be rare. Some of the best examples
are on the northeastern dope of Mount Whittenberg, about a mile from the fault-trace,
the locality being favorable for observation because of the absence of forest.

Superficia cracks of a third type are connected with side-hill roads. (See plate 51.)
In such roads there ia usualy a notch cut in the hillside and the excavated material is
thrown outward so as to make an embankment. The roadbed thus consists in part of
the natural formation and in part of an artificid and relatively loose embankment. In
the loose material, and frequently dong the line separating it from the firmer ground,
cracks were extensively developed, often accompanied by evident settling of the outer
bank. Their magnitude depended in part on the character of the material, but in large
part dso on the intensity of the earthquake. Where they were of such magnitude as
to injure the roadway they were soon obliterated by road repairers, and esewhere they
tended to disappear in consequence of the traffic; but while they lasted they constituted
an excellent gage of intensity, and much use was made of them in districts where there
were few buildings*
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Bedrock cracks occurred at many points within the Rift, usually appearing as branches
from the faults. They were seen aso at a number of points west of the Rift, their dis-
tribution reaching to the ocean in the vicinity of Point Reyes, ten miles from the fault-
trace. At the more remote points they were quite small, often barely discernible, and
no system of arrangement was discovered. They are peculiarly prominent along the sum-
mit of the ridge constituting the southwestern rim of the main Bolinas-Tomales trough.
This summit was visited on four lines of road, and at each locality conspicuous cracks
were found. On the road from Inverness to Point Reyes Post Office, about a mile in a
direct line from Tomales Bay, a crack was traced for more than 800 feet. Its generd
trend is east and west, but its course is not straight and it has a branch diverging at 45°.
Along this crack there is a horizontal throw of from 2 to 6 inches, the south side having
moved westward with reference to the north side.

On the next road to the southward a group of cracks was seen at a point a mile from
the shore of Tomales Bay. These cracks occur on a crest trending northwest and south-
east, and their trend makes a small angle with that of the crest. The arrangement of
the cracks suggests horizontal shear, but no definite observation was made on this point.
They extend for several hundred feet at least, but were not traced out.

On Mount Whittenberg there are two bedrock cracks. One of these crosses the north-
eastern spur of the peak near its junction with the main crest. Its trend is approxi-
mately northwest and southeast and at one point it margins a fault-sag. As it assumes
in one place the ridge phase of the fault-crop, | infer that it has horizontal displacement.
On the opposite side of the main crest is a crack which was traced for about 1,000 feet.
Its general course is northwest-southeast, but it is not straight and exhibits a vertical
throw of 1 or 2 feet to the southwest. At one point it touches a fault-sag. Between
these two long cracks a group of short cracks occurred, with similar trend, on a knob
constituting a portion of the main divide.

About 6 miles farther south, at the head of Pine Gulch Creek, another road crosses the
range, and in following this a group of cracks was seen. A short distance west of the
divide, and about a mile in adirect line from the fault-trace, is a fault-sag trending
northwest-southeast. On each side of it a crack was seen, the eastern crack being the
wider and showing a small throw to the southwest. This crack was traced for about
0.75 mile and found to curve thru an arc of nearly 90° from southeast to southwest.
At its southwest end, or at least the southwestern limit of tracing, it ison aridge, and it
there expandsinto, or eseisreplaced by, agroup of cracks diverging fan-wise. On each
member of the group faulting took place, the downthrow being toward the northwest
except in the case of two apparently short cracks with downthrow to the southeast.
On four of these cracks the throw was greater than 1 foot, and at one place it was
about 5 feet. Each crack was associated with a preexistent bluff or scarp, indicating
that earlier movements have occurred at the same place. The field in which the prin-
cipa phenomena occur is cultivated with the exception of the steeper scarps, whose
facesretain abushy growth. (See plates 52A and 53A.)

A tract lying between this locality ‘and the coast, and extending several miles in each
direction, exhibits a peculiar topography intermediate in type between that of the Rift
and that commonly associated with landslides.  Near the coast are a number of basins
with ponds or lakes of much larger sze than those aong the Rift, and in association
with these are seen a number of sags similar to the fault sags of the Rift. On several
lines which were thought from the physiography to represent partings between dis-
located blocks, earthquake cracks were seen, and on one of these near the coast there
was a vertical displacement of 3 feet, the downthrow being to the southwest.

All thru the Rift there is association of earthquake cracks with fault-sap; probably
haf of the sap were bordered by such cracks on one side or the other, the crack usually
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following the line of separation between the side dope and bottom slope. In some
instances there was a crack on each side of the sag, but more frequently on one side only.
Where the sag contained a pond the crack was usualy present. With little or no excep-
tion these cracks exhibit downthrow on the side toward the sag. (See plate 52B.) At
least two explanations of these cracks are possible.  As the bottom of the sag usually
shows no outcrop of rock and appears to consist wholly of soil washt down from the
sides, it is possible that the earthquake caused a settling of the aluvium toward the
middle of the sag and that the marginal crack is due to this settling. On the other hand,
it is possible that a bedrock wedge underlying the sag was permitted to settle during
the earthquake and that such settling caused the marginal crack. In the first case the
cracks would belong to the superficia class; in the second, to the bedrock class. While
the data at hand are not decisive, | am of opinion (as already stated) that the cracks
resulted from some sort of readjustment of the small earth blocks whose upper surfaces
determine the Rift topography.

Sorings. — The general testimony of residents is that the flow of springs was modified
al thru the peninsula west of the Rift. Asit was practically impossible to get quantita-
tive data, | made few records of specific instances, but every farm owner or farm tenant
of that region with whom | talked told me of some spring whose flow had been increased,
diminished, or stopt at the time of the earthquake, the change being either temporary
or permanent. Severa lakes of the group near the coast (known as Seven Lakes) expe-
rienced changes, the greater number having their levels lowered. A pond known as Mud
Lake, on the divide at the head of Pine Gulch Creek and about a mile from the fault-
trace, suddenly and permanently lost its water at the time of the earthquake. At the
same time a small spring on the east side of the ridge and about 0.75 mile in a direct line
from the pond, was suddenly enlarged, a torrent of water gushing from it for severa
hours and then gradually diminishing. It is suggested with much plausibility by resi-
dents that these two phenomena were connected, the earthquake opening a subterranean
course thru which the water of the pond was conveyed to the hillside spring. | heard
of no changes in springs east of the fault-trace, altho a number of inquiries were made.

Inter pretation of bedrock cracks and springs. — The changes in springs are of course the
results of changes in the conditions of underground circulation, and in a general way
may be ascribed to the influence of newly-formed cracks. The spring phenomena and
the visible cracks may be grouped together as indications of bedrock fracturing, and
their distribution indicates the regions in which the rocky foundation of the land was
more or less shattered. That region includes the Rift and extends from it to the ocean.
The phenomena diminish somewhat with distance from the Rift, but the fracturing
appears to have been important and genera thru a belt 4 or 5 miles broad.

Landdide®. — The earthquake started a number of landslides. A few of these were
on theline of the fault, especially where its trace intersected a diff facing Bolinas Lagoon.
Others were from diffs of earth or weak rock bordering the ocean, one of the bays, or a
creek. None were seen of unusual type or of great importance, except from the obstruc-
tions to roads which they occasioned. South of Willow Camp a road overlooking the
sea had been cut in the face of previous landslides, and the renewed movement put it
out of commisson. In the same manner roadways were obstructed at the entrance
to Bolinas Lagoon, at two points near the head of the lagoon on the west side, and on
the coast of Tomales Bay a Inverness.

There were many landdides of the dry type on hillsides, masses of earth and rock
breaking away on steep dapes and tumbling to the, bottom. The largest seen were on
the high ridge west. of Tomales Hay, in the vicinity of Sunshine Ranch. Closdy related
to these were smdll fdls of earth and rock from the low diffs created in the construction
of Mdehill roads. {Plate 53B.) They occurred at a few places within the Rift and



PLATE 50

A. Boad embankment broken by shaking of soft ground beneath. Southwest of Point Beyes

Station and 10 rods from fault-trace.

QK. Q

B. Faults in road embankment, southwest of Point Beyes Station. Fault-trace is beyond fonce.
Ground lurolied toward marsh of Bear Valley Creek. Q, K. G.



PLATE 51

A, Eoadslde arack 2 miles wost of faclt, betwoeen Toverness sud Point Reyes P. 0. G. K. &,

B, Rondside orack & mile southenst of Invernass, &. K. G,



PLATE 52

A. Group of earthquake oraoks southwest of heed of Pine Onidn Greek. Looking southwest.  Structure well indioated by sky line.
Sinoe didooation field has been plowed and farm road graded up fault-scarpi. Compae Plate 53 A. G. I. &.

B. Eartkp&kt eraoki in BdimM et ti p of aa M4rtfefwi» e¢{. Q- K. Q-



PLATE 53

A. Fault-soarp on earthquake craok. Throw is about 5 feet. Compare Hate 52 A.

@T @

B. Landslide from road-cliff about two miles west of Inverness, Slide occurred at timn of
earthquake. G. K. &.
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east of it. but mostly in the district to the west, where all of the country roads were more
or less obstructed.

On the west side of the main ridge west of the head of Tomales Bay there occurred
two wet dides. In one case a hillside bog was loosened from the dope on which it rested
and descended as aflow of mud to a canyon bottom 100 or 200 feet below. In the other
case the earth beneath a wet meadow in a rather steep canyon flowed down the canyon
for about 0.5 mile, overpowering trees on its way and leaving a deposit 15 or 20 feet
deep in places. This was the largest individual dide observed.

In al the cases mentioned the conditions were such that slides would have taken
place at some time had the earthquake not occurred. But this statement may not
properly apply to the cases about to be mentioned.

On the steep southern face of Mount Tamalpais a number of rocks were loosened and
rolled down the dope, some of them being large enough to cut swaths thru the thicket
which were visible for months afterward. Similar swaths were seen under a crag in the
vicinity of Willow Camp. In the bottom-lands of creeks it happened a many places
that a dice of the aluvium was separated by a crack parallel to the bank and did into
or toward the stream. In some cases aluvium lying with a gentle dope adjacent to a
marsh did toward the marsh, opening a crack along its upper edge.

Mention has already been made of numerous hillside cracks which marked incipient
landdlides. In such cases the downward motion apparently began during the earth-
guake agitation, but the momentum acquired was not sufficient to continue the motion
after the earthquake stopt. In a very large number of these locaities motion was
resumed and landdides occurred during a period of excessive rainfal in the spring of
1907. (Plates54A and 55A.) SO far as my observation goes, al of the landslides having
this history were wet, the material usually flowing fredy down the dope as a thin mud.
The probable explanation is that the cracks made in April, 1906, served to admit the
water flowing over the surface during the rains of 1907, so that the material which was
too dry to flow in 1906 acquired the proper consistency and continued its course the fol-
lowing year. The number of landslides which the earthquake induced in thisindirect way
is possibly as large as the number which were an immediate consequence of the shock.

The phenomena of landdlides bring to attention certain conditions of flow which affect
a variety of earthquake features. Consolidated formations hold steep dopes by virtue
of coheson. Incoherent formations maintain the "slope of repose” — 30° to 35° —
by virtue of the resistance to diding, or the static friction, of their particles. Certain
formations, including some clays and clay mixtures, become coherent by drying and
incoherent by wetting. Incoherent formations, as a rule, have a less coefficient of
friction when wet than when dry.  For these reasons the addition of water is the ordinary
immediate cause of a landslide; it overcomes cohesion, or ese it reduces the frictional
resistance, and dipping or flowing is the result. During a strong earthquake, agitation
overcomes the coheson of feebly-coherent formations and suspends the operation of
static friction between the particles of incoherent formations, thus affecting the materials
somewhat as water affects them.  In the case of landslides, it may enable an incoherent
dry formation toflow as if wet; and it may temporarily give to an incoherent formation,
wet or dry, a condition of quasi-liquidity.

Ridging and shifting of tide lands. — The general width of Tomaes Bay near its head
is about a mile, tho it is constricted at one point by a promontory jutting out from the
east shore. (Fig. 24.) Papermill Creek, entering at its head, has built a delta which
dopes so gently toward the deeper water that the tides range over it for a distance of
about 3 miles. The upper haf of the dope is covered by vegetation of various kinds
and the lower hdf is of bare mud. In the region of vegetation the soil has sand as well
as mud, and the bed of the stream is of sand and gravel. As the delta deposit has been
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built up in connection with a shifting of the stream channel, or channels, it is probably
composed of an irregular alternation of mud, sand, and gravel. The fault-trace, as
already described, passes thru the midst of the tide lands, following the axis of the
depression which contains the bay. Continuous with the mud of the lower dope of the
delta is a mud shoal following the western shore of the bay past Inverness. This shoa
and other parts of the tide lands were seen soon after the earthquake from the road
which follows the west shore of the bay to Inverness, and a few photographs were made.
Other photographs were made at various dates afterwards, and the tide lands were
explored on foot on April 18, 1907.

A large portion of the delta was thrown by the earthquake into gentle undulations,
the difference in height between the swells and hollows being usualy less than a foot.
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FIG. 24. —Map of Papermill Delta at head of Tomales Bay.

The chief evidence of this is found in the distribution of pools at low tide, and where
vegetation is present the evidence from poals is supplemented by that from the condition
of the plants. The undulations were not elongate and were not found to have a sys-
tematic relation to the fault.

When the tidal mud was first seen after the earthquake, it was observed to be covered
with ridges and troughs. (Plate 54B.) This corrugation was gradually smoothed out by
the action of thewaves (plates55B and 56A), SO that at the expiration of ayear itsexpres-
sion was largely lost, tho afew of the larger ritiges could still be traced, and much of the
plain retained a pattern imprest on it by theridging. It is probable that the entire tract
of tidal mud was thus affected, altho the ridges were not seen on the area lying nearest to
the east shore. That area did not come under observation until after the spring floods



PLATE 54

A. Lunddidp 4 miles northwest of Bolinas Lagoon. Looking- oontfi-sonthwest.  Slide ancr
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PL TS 58

A. Lauddides 2,5 miles northwest of Bolkas Lagoon. Looking northeast. _Storm), waters
of 1907, guided by earthquake cracks, converted earth into soft mud. tt. *.. Ir.

B. Houtk part of Inverness shonly
of water soparasen frm, gravolly

at low tide, April 28,

gPMfcs
1608. Looking north-northwest, TLane
borob from mud shifted shoreward by eartbquake, G K. .



PLATE 56 A, B

A. Eidges caused by earthquake on tidal flat of Tomales Bay, 1 mile south of Inverness. Looking north. December, 1906, &. K. O

B. Bed-rock shoal Bear Boliaas, with clam patch new enter edge. Dnxtttry Point au3 reef is the distance, G. K. Q-



PLATE 56 C, D

C. 0lam patoh near Bolinas. A bed-rook platform, exposed at low tide. Photographed November 25,1906.

D. Salicorniain Liraantoar Bay. Photographed Jnns 5,1907, daring low tido. Sbows a platform covertd by »B older growth, and
a colony of yoBHger plants at a lower level.
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of 1907, and it was then overspread by a fresh deposit brought by Papermill Creek. The
ridges varied somewhat in height, the amplitude from crest to trough ranging from 1 to
3 feet and possibly more. Their general trend was paralel to the fault-trace, but there
were notable exceptions, and over small tracts the direction was even at right angles to it.
In some cases, where the minor ridges were parallel, there were larger ridges traversing
them obliquely. Fig. 25 reproduces a sketch map of the local-
ity showing the greatest complexity. So far as the broad undu-
lations of the tide lands were seen in conjunction with the
ridging, the greater ridges were on the swells and not in the
hollows.

Without going deeply into the question of interpretation, it
would seem that in the production of this ridging the tidal mud
must have behaved as a quasi-liquid, being thrown into waves by
the agitation to which it was subjected. When the agitation Soc— Arrangement of
ceased it became once more a quasi-solid, and preserved the form  ridges on tidal flat near
it had at the moment of change. Inverness. Map.

There was also a horizontal shifting of mud over a considereble area. Residents
familiar with depths of water in the vicinity of Inverness stated that the earthquake
caused a decided shoaling along the coast, but that the relation of water levels to firm
ground was unchanged. It was aso stated that a channel which had existed parallel
to the west shore of the bay, and to which piers had been run, was obliterated by the
earthquake. The shoaling might have been caused either by an uplift of the bottom
or by a shifting of the mud of which it is composed toward the shore. That the second
of these explanations is correct seems to be shown by the following facts.

27.

FIG. 26.— Sketch of Inverness piers. Full lines show
positions of piers after earthquake; broken lines show
positions before earthquake. Dotted line shows shore-
ward limit of the shifting of bottom.

FIG. 27.—Diagrams with exaggeration of vertical scale,
to illustrate deformation of Inverness piers by shifting
of mud toward the shore. Bailey's pier above; Mar-
tinelli's below.

At various places along the shore, from Inverness to a point 15 miles southward, the
tidal mud seemed to be crowded against the firmer ground at the shore, being pushed up
in a ridge, as shown in the accompanying photograph. (Plate 55B.) TWO piers at
Inverness, light wooden structures, resting on piles and extending out several hundred
feet from the shore, were telescoped.  (Figs. 26 and 27.) In the case of Martindlli's pier
the telescoping was shown by the inclination given to piles at the landward and bayward
ends, from which it appears that the ground in which the piles were set was crowded
together, so that the foundation of the pier was shortened, while the superstructure
resisted shortening. The resistance was temporary only, for before the agitation ceased
the pier was broken in two; and the inclination of the piles is supposed to have been
given during the early stages of the tremor. Coincident with the movement of the
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ground toward the shore, there was a movement paradlel to the shore which had the
effect of offsatting the outer end of the pier about 25 feet toward the northwest.  (Plate
57A.) The resultant of the two movements, or the actual direction of shifting of the
mud, was westward, or a little to the north of west; and the maximum shifting in that
direction was not less than 30 feet. Rather more than half the pier, the part nearer
the shore, remained straight and suffered chiefly from the slanting of its supporting piles.
This part stands on the submerged delta of a small creek, and its foundation appears
not to have shifted. The outer part suffered most violence near the junction of the
shifting mud with the firmer ground, being there so completely wrecked that its plat-
form fdl. The photograph and map represent it after repairs had been made.

In the case of Bailey's pier, which is beyond the delta, the most important telescoping,
as shown by the slanting of piles (fig. 27), was close to the shore, and nearly the whole
structure was transported by the shifting mud. It dso sagged more than a foot just
beyond the middle, and the attitudes of the associated piles suggest that the sag cor-
responds to a hollow made in the surface of the mud. The pier was so badly broken as
to require extensive repairs, and in making these repairs Mr, Bailey used the old material
for flooring, but found that he had enough lumber remaining for 12 feet of flooring, so
that he inferred a shortening of 12 feet. The whole pier was shifted to the northwest,
being given a curved form (plates 57B and 58), and the maximum amount of shift-
ing in that direction was at least 25 feet, altho the circumstances did not admit of
accurate measurement.  Combining the movement toward the shore with the offset
paralel to the shore, it is probable that the direction and the maximum amount of
shifting were about the same as in the case of the Martindli pier.

It is a notable feature of this displacement that the disturbed material moved up the
dope instead of down, so that the transfer was not only independent of gravity but
opposed to it.  The phenomenon, therefore, does not fal in the same category with land-
dlides, and if properly interpreted it may throw light on the mechanics of the earthquake
pulses.

The area thru which the shifting of the mud took place is indeterminate. It affected
a shoa parallel to the west shore of the bay and more than a mile long. At the piers
the width of the affected region was at least 400 feet and may have been much more.
The reported closing of the channel suggests 700 or 800 feet as a minimum estimate, but
the outer margin of the affected area was probably beneath the water of the bay and
outside the range of observation. The firmer part of the Papermill delta appeared not
to be included in the movement. All of the area known to be affected lies southwest
of the fault-trace, which in that neighborhood is about 2,000 feet from the shore.

THE QUESTION OF LOCAL ELEVATION AND DEPRESSION OP LAND.

Introductory. — Dr. C. Hart Merriam was told by an Indian living near Marshall, on the
northeast shore of Tomaes Bay, that since the earthquake the clam belt on that shore
had been less accessible. The tides dso came higher than formerly, the highest tides
surrounding his cabin, whereas formerly they did not reach it. Mr. C. J. Pease, of
Olema, dso stated that the clam industry on the northeast shore of Tomales Bay had
been much injured by changes due to the earthquake. Thru President D. S. Jordan |
was put in communication with Dr. S. S. Southworth, of Bolinas, who reported various
phenomena indicating a lowering of the land on the east side of the fault, and a lifting
on the west. side. On September 27 and October 15, 1900, being in Bolinas and its
vicinity, | made a preliminary examination of some of the features described by Dr.
Southworth. They were of such a character that it seemed desirable to enlist the aid
of zoologists and botanists, and to this end a conference was soon afterward called in



PLATE 57

A, Martindli'spier a Inverness. Originaly straightj shifted and broken by earthquake.
Eepaired before photograph wastaken.  G. K. &.

B. Bailey's pier a Inverness. Origindly straight; shifted and much broken by earthquake.
In subsequent repairs curvature caused by earthquake was retainedi G. K. G.



PLATE 58

A. Balley'spier a Inverness. Another view, position of camera being approximately same as in making photograph beow, taken
beforethe earthquake. G. K. Gh

B. Bailey's pier a Inverness, before earthquake.  Photographed by MarthaF. Schreiber.  Compare A of this
plate.
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Berkeley, and arrangements were made for field examinations by naturalists. On Octo-
ber 26 Professor William E. Bitter and Mr. E. L. Michael went to Bodega Bay, where
they spent several days, and at the same time Profs. Chas. A. Kofoid, H. B. Torrey,
and R. S. Hoiway visited various points on the shores of Tomaes Bay and Tomales
Peninsula.  On November 24 and 25 Professor Kofoid accompanied me to Bolinas for
the purpose of gathering such evidence as might be afforded by marine invertebrates.
On March 8-9, 1907, Professor Holway and | visited Bolinas, and on April 9-10 | was
accompanied by Professor Willis L. Jepson in the same locality.  On April 18 | made an
examination of the Papermill Creek delta at the head of Tomales Bay, and on April 22
visited the sand-spit separating Bolinas Lagoon from the ocean. The results of these
various excursions are summarized below, and reports by Professors Ritter, Kofoid,
Holway, and Jepson are appended.

About Bolinas Lagoon. — In presenting the evidence as to land-movements in the
vicinity of Bolinas Lagoon, first place will be given to testimony of residents, and this
again will be cdassfied according to locality, beginning with the festures west of the
fault-trace.

Dr. Southworth has lived in Bolinas several years, and his activities during that period
have led him into almost continuous observation of the coast and the tide. There is a
clam patch on the ocean front between Bolinas
and Duxbury resf (see fig. 28 and plate 56B),
to which he has frequently resorted at suitable
stages of the tide. It has been his custom
regularly to consult the tide tables to ascertain
whether the water stage would expose the
patch. He reports that before the earthquake
there were ordinarily about four low tides in
the month, occurring by daylight, during which
clams might be obtained, and that since the
earthquake twenty or more days are available.
He infers that the land was lifted at least a
foot, possbly more, a the time of the earth-
quake. He states dso that about 5 miles to :
the northwest there is atract, exposed only at F!G-28. = oketch map of Bolinast.agoon. Broken
low tide, where abalones are abundant, and
that people living near there have found them much more accessible since the earth-
quake than before. In Bolinas Lagoon a channel between Pepper Island and the
mainland is not now navigable at certain tide stages which formerly made it entirely
navigable.

Dr. Gleason, owner and master of a vessd plying between Bolinas and San Francisco,
states that formerly it was his custom to turn his vessal in the channel between Pepper
Island and the west end of the sand-spit, but that after the earthquake he found the place
too shoal, so that, after a number of trials in which his vessd was grounded, he has
adopted the practice of entering the lagoon stern first, to avoid the turn.

The following observations pertain to locdlities east of the fault. A road which skirts
the northeast shore of the lagoon is not altogether on the mainland, but in places follows
the strand between high and low water, and if it is used at high water the horses must
ford. Dr. Southworth states that since the earthquake these fords have become more
difficult, so that to pass them safely or comfortably they must be reached when the
tide, as indicated by the tables, is lower than was formerly necessary. Mr. B. C. Morse,
however, who lives on the mainland east of McKcnnan Island, and who ordinarily crosses
the lagoon to Bolinas every day, states that he has noticed no change in the relation of
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water to land aong his water-front.  Dr. Southworth has found the navigation improved
at various places in the eastern part of the lagoon, the water being deeper than formerly
for thé same normal state of the tide, and this observation is confirmed by Mr. Morse,
who now at high tide sails over a portion of McKennan Island which could not formerly
be crost with a boat. Various residents are of opinion that the sand-spit, except at its
extreme western end, is lower than formerly. A lady who haslived at Dipsealnn several
years states that before the earthquake the spit was overtopt by waves only during
storms with heavy winds, but that since the earthquake waves frequently wash over it.

It will be observed that al this testimony, with the single exception of Mr. Morse's
observation of water-levels near his house, tends to show a general sinking of the land
east of the fault, and a generd rising of that to west of it.

Professor Kofoid, in seeking evidence from the distribution of marine life, found the
barnacle the most available form. It is abundant at many places; its shell remains as a
witness after the death of the animal, and its upward limit bears, at many places, a
definite relation to the line of high tide. The best places found for observation were
certain groups of piles at Bolinas and along the northeast shore of the lagoon. From a
study of these localities it appeared that in the upper part of the barnacle zone the per-
centage of dead shells is notably greater on the west side of the fault than on the east
side, but there is not a well-marked zone of dead barnacles on the west side, nor is there
a zone of exclusive young barnacles on the east side.  The evidence thus gives a qudified
support to the theory of elevation and subsidence. Outside the lagoon, on the open
sea-front, the upper limit of barnacles is too indefinite and irregular to be available for
a study of this character.

Visiting Pepper Island in company with Professor Holway, | found the position of
the fault-trace clearly indicated by a difference in the color of the vegetation. The idand
is low, only a narrow strip at the south remaining above water at ordinary high tide,
and from this strip there is a gentle dope toward the north and northwest. The vegeta-
tion on the highest part is somewhat varied, but the lower sopes are occupied amost
wholly by a single species of Salicornia (pickle-weed). This is locally the lowest lying
of the shore forms, and it descends the dope to a somewhat definite line beyond which
the mud is bare. It is evident, therefore, that its lower limit is determined purely by
physical conditions and not at al by the competition of other plants. It is thus pecul-
iarly sensitive to changes in the relation of land to water. West of the fault a broad
area covered by this plant presented, at the time of the visit, a brownish-green color,
while the adjacent areas east of the fault had a dull brown color. The contrast was so
strong that the eye could readily trace the line of the fault. We found also that the
ground east of the fault was, in genera, lower than the ground at the west, and | after-
ward made a series of measurements showing the average difference in elevation to be
12 inches.

Pepper Island was subsequently examined by Professor Jepson, who not only traced
the brown color of the Salicornia to an abundance of dead and dying plants, but found
considerable corroborative evidence in the condition of other species living at dightly
higher levels. On McKennan Island a similar condition was found. The island is girt
by a zone of Salicornia, the outer or lower belt of which was found to be brown. A single
measurement of the vertical range of dead and dying plants gave 10 inches.

The northeastern shore of the lagoon was examined for evidence of similar character,
but the result was less satisfactory. The lowest plant growth is not everywhere the
same and the loca conditions are materially different. The dope is less gradual, the
soil is more gravelly, and there is deposition of detritus eroded from the land by streams
and waves. At <ame points a it of plants at the extreme limit appeared to be suffer-
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ing from some adverse condition, but esewhere the norma green color was continued
to the lowest limit. At the head of the lagoon and just to the east of the fault-trace is
a congiderable tract of Salicornia, of which the low-lying parts showed a brown color,
but the distribution of vigorous and sickly plants was less smple than on the isand and
its causes were not fully understood. | afterwards visited the north dope of the spit
to see if the condition of its vegetation corresponded to that on the idands, but found
the evidence complicated by another factor. The overflow of the spit by waves during
the past winter had washt a considerable amount of sand down the north dope, and this
sand suffocated large tracts of Salicornia and other plants.

In the discussion of these data, the first point to be noted is that the killing of Salicornia
thru the lower part of its zone definitdly indicates a lowering of the ground on which it
stands. The plant normally travels down the dope as far as it can tolerate the tidal
submergence and there stops; and its inability to sustain itself in a wel-defined belt
constituting the lower part of its former range shows that the submergence in the belt
has become intolerable. The amount of submergence is shown by observation
on McKennan Island to be at least 10 inches, and if alowance is made for a certain
amount of lag in the response of the plant to change of condition, the lowering of
the land may have been several inches more than this. If McKennan Isand and the
eastern part of Pepper Island subsided the same amount, it is probable that the only
change on Pepper Island was a subsidence of its eastern part, the western part remain-
ing at its former level. In that case the amount appears sufficient to account for the
overwashing of the spit, altho no measurement is there practicable.

Thetract of land, whose subsidence appears to be demonstrated by the botanic evidence
and the overtopping of the spit by waves, is bounded on the southwest by the fault, but
its other limits are not known. In the immediate vicinity of the fault it may reach the
head of the lagoon; that it does not extend beyond is rendered probable by the fact that
there is no vertical didocation in the fault-trace at a point about one mile northwest of
the lagoon where the trace is favorably exposed on flat ground. It may be possible that
the area of subsidence is limited on the northeast along an old line of disocation which
coincides approximately with the northeast side of the lagoon. This dislocation has not
been determined by a study of the geologic structure, but is indicated by the physi-
ography, and was presumably concerned in the making of the basin occupied by the
lagoon.

The evidence of elevation west of the fault is less coherent.  Dr. Southworth's observa-
tions on the clam patch give a presumption in favor of elevation, but they are not well
supported by the evidence from barnacles and plants. The botanic evidence indicates
that the entire dislocation shown by the measurement on Pepper Island is a subsidence
on the east and does not include elevation on the west. The evidence from the barnacles
suggests, without proving, a slight elevation at the Bolinas wharfs, but by no means indi-
cates so great an elevation as would be necessary to account for the increased facility in
reaching the clam patch. Dr. Gleason's report of the shoaling of water in a channel near
Pepper Island undoubtedly shows a local change, but such a change may have been pro-
duced by a horizontal shifting of unconsolidated material such as occurred in Tomales
Bay. On the other hand, it is not possible to explain the phenomena of the clam patch
by a hypothesis of shifting bottom, for the sand in which the clams live is contained in
shdlow basins of visible bedrock, and any change in the relation of surface to tide at that
point is a bedrock change. As the Rift belt with its numerous earlier dislocations ex-
tends nearly to the clam patch, it is not impossible that there were differential movements
west of the fault-line and that the ground occupied by the clam patch and the abalone
patch rose independently of the western division of Pepper Island.
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About Tomales Bay. — Professors Kofoids Torrey, and Holway examined practically
the whole shore of Tomales Bay, and adso visited the outer or ocean side of Tomales
Point. Their attention was directed especialy to the condition of barnacles at the upper
limit of the zone of marine life, and the evidence they found does not show any change in
level, either by elevation or subsidence. It is their opinion that the injury to the clam
industry aong the northeastern shore of the bay is referable to other causes, including at
some points the exceptional inwash of detrital material from the shore, and at others the
shifting of loose material toward the center of the bay.

After the discovery of the vertical disocation in Pepper Island, | visited the Papermill
delta at the head of Tomales Bay in search of similar evidence of displacement, but faled
to discover it. There are on the delta several tracts on which water stands after the fall
of the tide, and the plant growth, especialy Salicornia, shows deterioration in these areas;
but the areas are not systematically related to the fault-trace. They occur on both
sides and at least one of them is intersected by the trace. They constitute part of the
evidence of a gentle, broad undulation of the delta surface, which appears to have been
occasoned by the earthquake. A tentative theory to account for this undulation is
that lenticular bodies of soft clay, included in the delta deposit, experienced a certain
amount of flow during the earthquake period. The lane of water following the fault-
trace, and described on an earlier page, is an independent phenomenon closdly asso-
ciated with the fault, and the depression causing it does not extend indefinitely toward
the east. In a general way, the hdf of the delta east of the fault stands as high asthe
haf a the west. On the lower dope of the delta, beyond the region of plant growth,
there is atract east of the fault which received the principal deposit of sediment brought
by the floods of 1907. The localization of this deposit suggests that the transporting
current may have been guided by a depression of the surface, but if so the depression was
not bounded on the one side by the fault line; its southwestern boundary is a distributary
of thecreek. Asthetract on which this deposit took place is opposite aportion of thetract
in which mud was shifted toward the southwest shore, it seems possible that the area of
shifting here included practically the whole width of the bay, and that the resulting ele-
vation of the bottom toward the west was accompanied by a lowering of the bottom
toward the east. In that case, the apparent lowering of the clam zone at various points
on the northeast shore may be correlated with the phenomena near the head of the bay,
and the whole ascribed to a genera shifting of loose material in the bottom of the bay
toward the west.

Bodega Bay. — As the title of Bodega Bay is variously applied on different maps, it is
proper to specify that the body of water here intended is the land-lockt lagoon east of
Bodega Head, and not the open roadstead farther south. Professor Hitter examined
this with care, studying especialy the distribution of barnacles, and found no evidence of
absolute or differential change of level.

Summary. — At Bolinas Lagoon, subsidence occurred east of the fault, its vertical
amount being approximately a foot. The subsided tract included the greater part of the
area of the lagoon, and may have had its eastern limit along the eastern shore of the
lagoon. The subsidence was possibly a continuation of the loca movement of didoca
tion by which the basin containing the lagoon was created. There may have been local
elevation of atract extending from Bolinas westward and northwestward. The evidence
is not demonstrative, but leaves a presumption in favor of such elevation.

About Tomales Bay and Bodega Head there was probably no appreciable change in
the general elevation of the land, most facts which tend to show such change being
explained by assuming that in Tomaes Bay there was a genera shifting of mud and
other incoherent material toward the west.  Such shifting had been fully demonstrated
in the vicinity of Inverness.
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Postscript. — Since the preceding paragraphs were written, some additional data have
been gathered bearing on the question of the elevation of land between Bolinas and Point
Reyes. As the most satisfactory biological evidence with reference to changes in level
had been found in the response of the plant Salicornia, it occurred to me that pertinent
information might be obtained by examining the lower limit of land vegetation at Liman-
tour Bay. That bay is an extensive, ramifying, drowned valley lying east of Point Reyes
promontory. It is separated from the ocean by a spit, past the western end of which a
channel is malntained by tidal currents, just as in the case of Bolinas Lagoon. The
eastern end of the bay is a the western base of the ridge bounding the Bolinas-Tomales
trough, and is 8 or 10 miles northwest of the abalone locality.

If the land in this locality was raised at the time of the earthquake, the height of the
tide at al stages, with reference to the land, would be lower; and the lower limit of Sali-
cornia, being dependent on the relation of the land to tide water, would descend the
dope in response to the change in level.  The feature, therefore, to be lookt for was a new
growth of Salicornia a a lower level than the older growth. Such new growth was
actually found (June 5, 1907), not in a continuous belt, but in numerous patches hav-
ing certain common characteristics.

At the points visited the tide marsh characteristically endsin alittle step or bluff about
8 inches high. Above this step the gentle dope is covered by a mat of vegetation in
healthy condition, the dominant plant near the step being Salicornia. Beow the step
is a mud surface, which usually inclines more rapidly than the platform above. If |
understand the origin of this topography, the step has arisen from the gradual bayward
extension of the platform, which, by reason of its vegetal covering, is enabled to arrest
mud suspended in the water. There is aso doubtless an accumulation of the roots and
stems of the Salicornia. In places there are outlying platforms of the nature of
idands and similarly covered by Salicornia.  On the other hand, the broader platforms
are interrupted by channels thru which the tidal waters escape, and there are aso lake-
like hollows abruptly margined by steps a few inches high. The dope below the step
is ordinarily of bare mud, but on it are numerous patches of young Salicornia, and
there are similar tracts in tidal channels and in some of the lake-like hollows insde the
platform. The vertical range of this young growth is quite definite, its lower limit
being from 13 to 16 inches below the outer edge of the platform. In some cases the
young growth is straggling, but usually it makes a mat as cdose and complete as on the
platform above, and the height is nearly as great. It is distinguished from the older
growth chiefly by a dlight difference in color. Whether such a luxuriant and dense
growth of Salicornia could be produced in the period of 13.5 months, | am not prepared
to say. Except for that doubt, however, the phenomena are just such as would be
expected to follow an elevation of the land.

In an estuary at the edge of the bay were two fence stakes on which barnacles were set.
At the upper limit of the barnacles, | examined a dozen individuals, finding them al alive,
and | saw none of the adherent plates which remain after the death of the old barnacles.
| did not learn the history of these stakes. If placed after the earthquake, the evidence
of the barnacles would not be in point. If placed before the earthquake, the evidence
of the barnacles, 0 far as it goes, is opposed to that of the new colonies of Salicornia.

Second Postscript, added to proof sheets in November, 1907. — Early in October, 1907,
Dr. S. S. Southworth reported that the clam patch near Bolinas had again become
less accessible, its relation to tides being practically as before the earthquake. The
apparent change was not associated with any precise date, but it had been suspected
snce the middle of summer. On October 17 | visited the locality, selecting a time
when the predicted searlevel at low tide-was approximately the same as on November
25, 1900, when | had taken the photographs reproduced in plate 56B and plate 56c¢.
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For November 25, 1906, the predicted height of low-water at the San Francisco entrance
was 2.1 feet; for October 17,1907, 2.2 feet. The comparison of the clam patch with the
view made eleven months earlier showed a marked difference, a much larger area being
submerged at the later date. Four days afterward, when the predicted height of low-
water was 0.3 foot, | again compared the appearance of the clam patch with the photo-
graph, finding the water-stage somewhat lower than when the photograph was made.
As the tide rose its stage was found to coincide with that shown by the photograph
one hour after low-water, and the calculated allowance for the corresponding change in
water-level at the San Francisco entrance is about 0.3 foot, so that the predicted tide-
stage for that moment was 0.6 foot. As the predicted stage at the time represented
by the photograph was 2.1 feet, there was an apparent discrepancy of 15 feet. |If this
was occasioned by a change in the height of the ground at the clam patch, then there
was a subsidence of 1.5 feet between November 25, 1906, and October 21, 1907. Before
accepting so important a conclusion it should be checkt in every practicable way, and
especially by comparing the water-stages at the clam patch with simultaneous water-
stages as recorded at the tide-gage station of the U. S. Coast Survey in the entrance to
San Francisco Bay. The distance of that station from the clam patch is about 15 miles,
of which one mile is inside the narrowest constriction of the Golden Gate. On the days of
observation at the clam patch the sea was calm, except for a moderate groundswell, so
that the normal equilibrium of the water-surface between that point and the tide-gage
was presumably not impaired by meteorologic influences. Of the clam patch the
groundswell broke at a distance from the shore, leaving the water so quiet at its actual
margin that its level could be observed with little error.  The general and local conditions
were thus favorable for a comparison of water-stages at the two points; and the numer-
ous details of the photograph of November 25,1906, made it possible to identify, with
close approximation, the arrival of the tide at the same plane on October 21,1907. The
observations at the tidal station, for which | am indebted to Capt. Aug. F. Rodgers,
Assistant U. S. Coast Survey, were made with the tide-staff at low-water, and are referred

to the arbitrary zero of the tidal station.
FEET

At low-water on the afternoon of Nov. 25,1906, the tide-staff readingwas = . . 610
At low-weter on the afternoon of Oct. 21,1907, the tide-staff readingwas = =~ . 561
In the hour following low-water the computed rise of the tide was 0.3 ft.; and this -

gives as the height of water at the time of the observation at the clam patch

Diffeence . .~ . . . . . . . . . . . . .19

Thus the discrepancy of 15 feet, deduced from a consideration of the predicted tides,
is reduced by a comparison of the observed tides to about 0.2 foot, a quantity so small as
to be referable to errors of observation.

Before tide-gage records were obtained | had revisited Pepper Island and Limantour
Bay. On Pepper Island the vertical dislocation was remeasured and found to be un-
changed. At Limantour Bay the subject of examination was the condition of the new
growth of SaMcornia. If the land had subsided since the preceding June, the colonies
of Salwornia which had invaded the mud flat (plate 56D) would have been subjected to
unfavorable conditions, and might be expected to show the influence of those conditions.
All the colonies that had previoudly been observed were reexamined and they were
found, without exception, to have deteriorated. The green heads, which had formerly
tetified to their lusty growth, had become much less numerous and were modified in
color; their stems were blackened on the surface and had become somewhat curled,
and in general they appeared less healthy than the plants of the same species growing
a higher levels.  Where the slope was continuous, there was a fairly sharp line of separa-
tion between the healthy and unhealthy plants, and two measurements indicated the
zone of impairment to have a vertical range of 10 inches.
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The comparative observations of water-stages show that the land at the locality of the
clam patch has not recently undergone the suspected depression, as compared to land at
the tidal station near San Francisco. If an important change has taken place at one
locality, it has affected the other also. On the other hand, it is noteworthy that Dr.
Southworth's observations at the clam patch (firs of its increased accessibility, and
after of its decreased accessibility) led to two predictions as to the condition of Sali-
cornia in Limantour Bay, both of which were verified. Their success in prediction gives
assurance that they record an actual change of some sort — a change not restricted to the
locality of the clam patch. The two lines of evidence taken together — the leveling by
water-plane from the tide-gage to Bolinas, and the observation of shore conditions at
Bolinas and Limantour Bay — suggest the possibility of a general change in the relation
of land to sea, affecting the whole coast from San Francisco to Limantour Bay. So far
as the observations go, such a change might pertain to either land or sea. In the line
of this suggestion it is to be noted that November 25,1906, falls within a period of excep-
tionally low tides at San Francisco entrance. For 21 low tides, from November 20 to
November 30, the mean of the observed heights was 108 feet below the mean of the
predicted heights. From October 17 to October 21, 1907, on the other hand, the mean
of 10 observed tides was only 0.32 foot below the corresponding mean of predicted tides.
The subject appears to deserve further investigation and discussion than is practicable
while these pages are in press.

The observations which occasioned this postscript, while suggesting lines of enquiry
which may profitably be followed, do not materially affect the conclusion already sum-
marized as to local changes in the elevation of the land. A tract, including the east part
of Pepper Island and much of the area of Bolinas Lagoon, subsided at the time of the
earthquake, the amount of subsidence at the point of most satisfactory measurement
being 12 inches. The region west of the fault, including the ocean coast from a point
near Bolinas to Limantour Bay, may or may not have been uplifted at the same time,
and may or may not have subsequently subsided. The evidence is incomplete and
apparently somewhat conflicting.

Specia reports on the biologic evidence follow.
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REPORT ON A BIOLOGICAL RECONNAISSANCE OF BODEGA BAY REGION.
BY WILLIAM E. RITTEK.

Accompanied by Mr. E. L. Michadl, | examined the Bodega Bay region on October 26-30,
for evidences of afaunal modification resultln(fzj from the earthquake of April 18, 1906.

My first effort was to secure information from residents of the district bearing on the
gueﬂlon. A number of families living on the shores of Bodega Bay have their awellings

o= to the water's edge.  Since the bay is small, closdly land-lockt, and hence idly
free from surf, and since these families spend much time on the water with their small boats,
which they beach on the gradually shelving shores or tie to their little private piers, it
ssamed that their testimony would be peculiarly reliable. It apPeared that any appreciable
d’mlge of level of the water aong the shore or any noticeable effects on the shore life would
hardly > detection. | talked with five persons of this sort, each by himsdf. All were
unequi v in afirming that neither the level of the water nor the animal life of the bay
were in any wise atered by the earthquake.

The earthquake fault at the only point at which it has been located here, passes thru the
sand-dunes at the head of the bay; and from its general course and the place where next
obsarved to the south, must have past nearly parallel with the eastern shore of the bay and
either have followed the shore or have been to the landward of the shore.  In other words,
nearly if not the whole of the bay, together with the Penl nsula of which Bodega Head is a
part, is on the west or seaward Sde of the fault. All the facts we were able to gather by
direct observation pertain to the rocky shore of the bay sde of the peninsula.  Since the
rock here is afirm granite, and since in some localities the walls are nearly perpendicular,
are evenfaced, and are washt by the waters thruout the day excepting at extreme low tide,
they are very favorable for furnishing testimony of the kind sought. The question to
be answered was: Do the organisms that live immovably fixt to the rocks show evidence of
having either extended or withdrawn the upper limit of their vertical distribution within
recent time? The organisms that would be available as testimony would be those that are
mogt permanent in structure, and extend up to the very limit of the high tide. Of first
importance are the barnacles, two species, Balanus balanoides and Chthamalus stellatus.
A spedies of Mytilus, and perhaps one or two species of marine agse, areaso more or less
avalable. Our attention was given to the barnacles chiefly, but somewhat to the mussels
adso. Neither of us was aufficiently familiar with the dgee to make much use of them.

We could get no evidence that any of these organisms had either extended or with-
drawn their limits of distribution. In the absence of accurate knowledge on the rate with
which barnacles develop, there might be some uncertainty as to whether the limits had been
extended; since, however, the individuals at the upper limit were not found to be in general
smdler than those farther down; and further, and still more importantly, since the remains
of deed individuals were ckute as numerous proportionally in the upper zone of distribution
as in the lower, we could but conclude that there was an absence of evidence of extension.
In other words, there was no evidence of subsidence of the shore.

As to the question of whether the shore has been elevated at this point, the evidence
| think is more positive. Not only is there lack of proof that elevation has occurred, but
there is ample proof that it has not. This is furnished by the barnacles chiefly. On the
vertical granite wals above mentioned, these organisms almost completely cover the sur-
face up to about 7 feet above mean low water.  As already stated, the remains of dead
individuds are uniformly distributed thruout the area; or, to speak more accurately,
they are not more numerous proportionally in the upper limit of distribution than in any
other portion, as would surely be the case had the upper limit been lifted above the former
high-water mark. It should have been pointed out that the 7 feet to which the barnacles
extend must be very near, if not quite the limit, of high tide.

A The character of the remains of dead animals is such as to preclude, | believe, being
mided by the facts. In addition to the heavy calcareous wall which characterizes the super-
structure of the animal, there is a well-defined continuous platform closely fused to the sub-
stratum to which the animal adheres. After death the superstructure of the shell fdls
away, leaving the platform as a smooth, hard, calcareous scab clinging to the rock. This
is very durable, as one can see by observing old piles that have been taken from the water
and to which these barnacle remains cling. Had any appreciable elevation of this shore
occurred, there would surely be a zone of dead barnacle shells at the upper range of the
distribution.  The testimony of the mussels, so far as it goes, is confirmatory of that fur-
nished by the barnacles.
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REPORT ON A BIOLOGICAL RECONNAISSANCE OF TOMALES BAY REGION.

BY CHARLES A. KOFOID.

On October 26-28, 1906, in company with Profs. H. B. Torrey and R. S. Holway, | made
an examination of the shore of Tomales Bag%o obtain evidence of faunal modification
resulting from the earthquake of April 18, 1906. The Fplac& ﬁeually examined were as
follows: the northeast shore from Millerton to Preston Point; Hog Island near the mouth
of the bay; the southwest shore from near Tomales Point to the region opposite Marshdl,
and from Inverness to the head of the bay. The outer face of Tomdes Point was aso
explored for a short distance near "Shell Beach."

Search was made for evidence of a change in level inthe two sides of the bay and especialy
for evidence of depresson of the northeast shore and elevation of the southwest shore.
For this purpose critical examination was made of barnacles in situ on rock in place alogg
the shores between tide levels. The fauna of the bay includes no generdly distribut
organisms attached to rock within tide levels execgot the barnacles (Balanus sp.{). Mussds
are rare and there are very few attached seaweeds far from the mouth of the bay.

The barnacles are, however, sufficiently abundant and widdy distributed to aford an
excellent index to any recent change in levels. If the northwest shore line, about 05 to
15 miles from the main earthquake trace, had been deprest even a few inches we mlgg\t
expect to find young barnacles, the young of the year which are easily distinguished by
their brownish-gray color, softer texture of the shell, and certain structural features, in-
vading the new territory above the old to an extent equivalent to the depresson. If the
southwest shore had been elevated, we should expect to find a number of dead barnacles in
the region above the old barnacle limit and a relative absence of young in the upper levels.
The upper limit of the growth of barnacles lies below the level of highest tides, and is more
or less distinctly marked, according to the exposure to prevalent currents and wind and to
exposure to the sun; and it is dso modified by the dope and texture of the substratum.

The two shores OP_resent strong contrasts in the matter of exposure to prevalent winds,
to the sunshine and in the texture of the substratum, the rocks of the northeast shore be-
longing to the Franciscan, more or less metamorphosed, and those of the southwest shore
being of a granitic nature. These contrasts produce considerable modifications in the dis-
tribution of the barnacles.

A critical examination of the data reveals no conclusive evidence of any recent change in
the distribution of barnacles that can be attributed to a change in the levels of rocks in place.
There is no sharp and uniform contrast between the two sides of the bay in the matter of
the distribution of these organisms. There is no uniform or extensive invasion of higher
levels by young barnacles on the northeastern shore and no marked destruction of old
barnacles and absence of the young at high levels on the southwestern shore.  The conclu-
sonis ae?sonably certain that there has been no appreciable change in levels of either shore
as awhole.

Especia care was taken with the examination of the rocky shores of Preston Point
which is crost by the main fault, but even here there is no biologica evidence of achangein
levels on the two sides. In man?/ regions barnacles have been killed in great numbers,
apparently by siltin the waters.  In other cases barnacle-coated substrata have been shifted
with the mud, sand or %ravel in or on which they lie, but such changes are of alocal or super-
ficial character. Hog Island, which lies very near the line of the fault but is not crost by it,
shows no uniform change in its barnacle fauna. The outer seadiff of Tomaes Point, tho
very much shattered and with considerable talus from rock fals resulting from the earth-
quake, shows no disturbances in its fauna tracesble to sasmic movement. Loca testi-
mony of dealers in fish, of fishermen and of clam diggers indicates a great faling df in ship-
ment of clams since the earthguake, traceable to departure of clam diggers, destruction of
clams in places, by shifting of clam beds or their buria with detritusfrom diffs No change
of levels which might not be traceable to shifting of loose deposits was noted.

There was locd testimony of increased wash along the railroad embankment skirting
the northeastern shore, or sinking or rising of known shoals in the bay, and of a depression
of the <]:1ravel spit on which the fishing village stands. Probably &l of these phenomena
are explicable as the results of local loosening up of the railroad embankment and shifting
of loose deposits, rather than as a result of a general movement of the earth's crust.
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REPORT ON A BIOLOGICAL EXAMINATION OF THE BOLINAS LAGOON REGION,
NOVEMBER 24-25, 1906.

BY CHARLES A. KOFOID.

Bolinas Laﬁoon. —The distribution of barnacles along the shore, on the piles, etc., was
examined with reference to possible changes in level, near Bolinas wharf on the western
sde of the lagoon and on Morse's wharf on the eastern side, the principal locations on which
barnacles occur about the bay. In neither case was there evidence or local testimony of
disturbance in levels of the ground on which the barnacle-bearing substrata were located.
The possibility of locad slumping of soil is not, however, entirely excluded. No barnacles
on rock in place were observed in the bay.

There is no evidence from the distribution of barnacles of an%/ change in level of the
eastern Sde of the bay. Thereis neither any marked destruction of old or absence of young
in the upper levels such as would follow elevation, nor any marked recent occupation of an
upper belt by youn? barnacles such as would follow depression.  On the western side of the
bay, on the piles of the warehouses at the landing, there was a faintly defined zone 6 to 8
inches wide in which the proportion of dead barnacles was unusually large. The percentage
of dead in the uppermost levels on Morse's pier on the eastern side of the bay varied from
2 to 35 per cent with predominant range of 10 to 20 per cent. On the piles on the western
sde at similar levels, the proportion of dead was predominantly 40 to 60 per cent and not
infrequently ran above these figures. Below this Uﬁper belt there was frequently less de-
struction and a relatively greater number of young than was found in the uppermost levels.
It maly_be that this destruction was due to €elevation, tho the uppermost belt of barnacles
is still just submerged at a 5.4-foot tide. 1t might also be due to the considerable increase
of silt attendant upon the large amount of talus shaken into the bay and along the adjacent
shore line by the earthquake. The fact that barnacles attached themselves to and throve
on buildings thrown into the bay not far from the piles in question, would indicate that
destruction by silt was confined to the time of the earthquake or that destruction did not
take place as aresult of silt.

The "studio building" at Bolinas, which was thrown into the bay by the earthquake
and raised some monthslater, was well covered on submerged portions by barnacles, mainly
haf or two-thirds grown. This fact makes it certain that the young barnacles have been
attached in large numbers since the earthquake, and that their distribution, therefore,
affords critical evidence of change in levdls.

~ The Sea Coast Line. — The evidence here from the distribution of barnacles is inconclu-
sive, owing to the great range of movement of water in the breakers and therelative scarcity
and small Sze of thebarnacles present. There was no evidence of any change of levels, but
their numbers are probably too smal to aford evidence of a movement of a few feet only.

The Clam Patch. — The evidence of elevation here is entirely in the nature of testimony.
The barnacles on rock in place in this region are too near the low-tide leve to afford a satis-
factory criterion. A few rocks in place near the upper levels show no trace of extensive
destruction of barnacles such as might follow an elevation of 12 feet which Dr. Southworth
believes to have taken place. But here again the biological evidence is too incomplete to
have much weight. There is no doubt that there were clams in a shallow gravel bed
resting on rock in place and abundantly exposed at a 2.1-foot tide.

In my o;lj_i nion, from the evidence in hand, there was no depression of the eastern marg?in
of Bolinas Lagoon as the result of the earthquake of April 18, 1906. Dr. Southworth's
testimony, taken in conjunction with the destruction of barnacles in the upper levels on
the western side of the bay, suggests the possibility of a small elevation on that side.
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EXTRACT FROM REPORT ON A RECONNAISSANCE OF TOMALES BAY REGION.
BY R. S. HOLWAY.

Bdow is a coEy of the few notes made by me during the trip to Tomaes Bay, October
26-28, 1906. The object of the trip was to examine the shore lines of the bay for indica-
tions of recent changes in level as shown é)a/ the effects on animal life. Drs. Kofoid and
Torrey, the biologists of the party, recorded observations in detail and | have merely the
genera note as follows:

"The upper limit of barnacles was found to be a quite sharply defined line on the rocky

shores of the bay. Any recent change in level of afoot or more would have been easly
detected in my judgment. No evidence of such change was found. . . ."

REPORT ON AN EXAMINATION OF PLANTS ON PEPPER ISLAND, BOLINAS LAGOON,
APRIL 9, 1907.

BY WILLIS L. JEPSON.

Salicornia ambigua Michx. Pickle-weed. — Thisisthe most abundant species and forms
extensive colonies on both sides of the fault-trace. The difference in color of the areas on
the two sides of the trace at once strikes the eye, the east area being dull or dead brown,
the area west a livelier or greenish brown. This difference in color was found to be corre-
lated with a difference in health. The plants west of the fault are in normal condition;
the plants east of it are either dead or dying. Dead plants still standing show wasted or
shrunken black stems. Dying plants show shrunken main axes bearing above a fen short
joints of green which are very much thicker than the main axis. In the normal plant the
joints are no thicker or scarcely thicker than the main axis. A broad and very marked
zone of dead or dying Salicornia surrounds McKennan Island which lies east of the fault.

Statice Limonium L. var. californica Gray. Sea Lavender. — Rather common in small
areas on both sides of fault-trace. West of the fault plants are in normal condition, with
large bright green leaves. East of the fault plants are dead or unhappy. Dead Flants
congst of nothing but caudices or short branchln? stems which form miniature forests
of black stumps In the lowest places. UnhapAay plants are those strugglln% to maintain
existence and showing only a small tuft of small leaves. Similar colonies of dead plants
were found on McKennan 'Island.

Grindelia cuneifolia Nutt. Marsh Grindelia. — The magjority of the plants east of the
fault are dead. Many plants west of the fault are dead, especiadly immediately west of
the fault. The dying out is, in the main, doubtless due to old age in the colony.

Mesembryanthemum cequilaterale Haworth. SeaFig. — Plants immediately west of the
fault \I/veée healthy. One plant was found immediately east of the fault; this was killed
completely.

Disti ch{is spicata (L.). Salt-grass. — Plantswest of fault were thriving more than plants
east in adjacent areas. (This ies ranges to 600 feat above the sea.?

Frankenia grandifolia C. and S. Yerba Reuma. — Similar dight differences as in the
preceding case.

Triglochin maritima L. Arrow-grass. — Coming up fredy like young blades of grass
west of the fault. Not appearing a dl or reluctantly on east side. _

Jaumea carnosa Gray. Fleshy Jaumea — Less readily found on the east side of the
fault. Plants on the west sSide were in somewhat better condition.

Populus species.  Planted. — All individuals on east side of fault were dead. o

Summary. — The difference in the health of the plants east and west of fault-trace indi-
cates comparatively recent changes in conditions and would be explained by the assumption
that there had been a change of level east of the fault. If there has been no such change
it would be difficult to say why the &ffected areas should conform closdly to the fault-trace.
The plants on McKennan Island were also examined. The argument in favor of assumin
a depresson for Pe,oper Island east of the fault would hold good for McKennan Island.
On the other hand, | should be strongly against the opinion that the condition of shore-line
plants indicated a change in level on the east shore of Bolinas Lagoon.
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MUSSEL ROCK TO CRYSTAL SPRINGS LAKE.

Course of thefault-trace. — The point at which the fault-trace intersects the shore, on
emerging from the ocean on the south sde of the Golden Gate, is only approximately
known. About 0.875 mile to the southeast of Mussd Rock, it has been located with
precison at its intersection with the wagon road on the west side of the coastal ridge alittle
below its crest, and thence followed continuoudy for many miles.  Projecting its course,
there determined, in a northwesterly direction, it would pass out to sea in the midst of
the large landslide which scars the coast immediately to the north of Mussd Rock, where
the basal beds of the Merced series rest upon the older rocks. At the time of the earth-
guake there was an extensive movement of the landslide, and a tongue of landslide mate-
rial, about 50 feet high and about 200 feet wide, was projected into the ocean across the
narrow strip of beach.! This movement naturally obscured al evidence of the position
of the fault-trace, which was doubtless overridden by the dide. All about the crest to
the east of the landdlide, and on its south side, the ground was greatly disturbed by fresh
landdide cracks, scarps, and fissures, extending wel back from the edge of its encircling
diffs It appears to be probable that not only did the movement of the landslide obscure
the evidence of the fault-trace, but adso that the latter was here diffuse and scattered, and
that the displacement was superficialy taken up by the plasticity of the landslide material.

From the point southeast of the Mussd Rock dide where the fault-trace resumes its
definite and easily recognizable character, to Crystal Springs Lake, our information re-
garding the course of the fault-trace and the earth movement on the fault isin part from
observations made by Mr. Robert Anderson, and in part from observations recorded in a
paper by Herman Schusder,? supplemented by the observations of Mr. H. 0. Wood,
Andrew G. Lawson, and others.

South of the road, at a point 0.875 mile southeast of Mussel Rock, begins the furrow
which marks the surface path of the fault. The furrow as such does not cross the road
to the north of this point. The side-hill dope, however, is very much fissured by land-
dlide movements both above and below the road, and scarps are seen. From this point,
the furrow runs uninterruptedly southeastward to the east side of the north end of San
Andreas Lake, where, with a course of about S. 33° E., it passes beneath the waters of
that reservoir. As it approaches the lake, the trace of the fault does not lie in the axis
of the valley, but runs dong its eastern side. It thence passes thru the lake on the north-
east dde, crossing a number of small promontories, to the east end of San Andreas dam;;
thence, with a course of S. 37° E., it traverses the east side of the valley between this
dam and Lower Crystal Springs Lake, passes thru the latter and intersects the old dam
between Upper and Lower Crystal Springs Lakes. Beyond this it skirts the southwest
side of the upper lake, partly in the water and partly on the projecting points, and finaly
leaves the lake about a 0.25 mile from its end, for the stage of the water of April, 1906,
having here a course of S. 40° E.

The mean course of the fault, as thus closdy followed from the vicinity of Mussel Rock
to the end of Upper Crystal Springs Lake, a distance of about 15 miles, is S. 36° 30' E.
But the trace is not a perfectly straight line. Between Mussd Rock and San Andreas

’//\_*«'*'Oaf% 2> W07« according to the observations of Mr. H. O. _Waz)d, this fr13ro'ecti ng tongue of
landdide had been entjrely removéd by the action of the waves, and alinement of the beach and Sea-cliff
had been reestablished.

"The Water Supply of San Franeiseo beforf during,and after the Earthquake of April 18, 1906, and

the Bubeequent Conflagration. New York, 1906



THE EARTH MOVEMENT ON THE FAULT OF APRIL 18, 1906. 93

dam, the trace of the fault is slightly concave to the straight line connecting these two
points on the fault, the concavity being to the southwest. Between San Andreas dam
and the end of Upper Crystal Springs Lake, the trace of the fault is again dlightly concave
to the straight line between these points, but is on the opposite side of the fault, the
concavity here facing the northeast.

Characteristics of thefault-trace. — For this stretch of from 14 to 15 miles, Mr. Robert
Anderson, who examined this territory under direction of Prof. J. C. Branner, describes
the trace of the fault as marked by a belt of upturned earth resembling a gigantic
mole-track. The rupture may be traced dong every foot of the way when not below the
waters of the lakes. It varies in width from 2 or 3 feet to 10 feet, but at times branches
out into severa furrows that include a space of 100 feet or more in width.  Such branches
sometimes join again after a short interval.  Sometimes it forms a crack 2 or 3 feet wide
and severa feet deep, and in other places shows a vertical wall of soil on one side or the
other, severa feet high. The typical occurrence in turf-covered fieldsis along, straight,
raised line of blocks of sod broken loose and partly overturned. It is thus shown in
plate61A,B.

Associated with the fault fractures are many lateral cracks, extending away from the
fault in a northward, or north dlightly eastward, direction; that is, at an oblique angle to
the northeast side. These cracks were especially abundant along the northeast side of
the northern haf of Crystal Springs Lake, and between there and San Andreas Lake.
In places they run df every foot or few feet for a distance of 100 yards or more, and again
they do not form for some distance. They vary in size from minute crevices in the
earth to fractures a foot or more in width. Here and there they form lines of broken sod
very like the main furrow in size, while they have a length of from a few feet to severa
hundred feet. At the great dam at the head of San Mateo Canyon, these cracks emerged
from the lake and ran northward up on the hills for several hundred yards, breaking the
fences where they crost. Plate 16A shows large lateral cracks of this description, already
partly filled up, crossing aroad that runs parallel to the fault at the upper end of Crysta
Springs Lake. The main line of fracture is about 50 feet beyond the fence, and the
cracks extend into the foreground at an angle of from 35° to 40° with the main fault-
trace. The fenceis pulled apart 40 inches in the two places which are shown in the photo-
graph, and a total of 10 feet in ten different breaks in this locality, within a distance
of 200 yards. Such lateral cracks as these were not noted on the southwest side of the
fault.

The lateral cracks described above make an angle of 45° to the general line of the fault
fracture. They appear to have been produced very much like the fracture lines in com-
pression tests of building stones. There was evidently great pressure holding together
the two faces along the fracture. A dam made of earth and rock divides Crystal Springs
Lake into two parts. This dam crosses the fault-trace at right angles, and was offsat
but not badly cracked or injured by the movement. The fences that line the road were
warped and their boards buckled thruout the distance across the dam. The earthquake
rendered them too long for the distance from the hills on one side of the valley to those on
the other. The inference is that a strong compression took place. The dicken-siding
shown in plate 62A furnishes further evidence of compression. In the same way the
heaving up of the sod into a long, raised mound, for most of the extent of the furrow,
suggests lateral pressure. The formation of cracks a few inches to 2 or 3 feet wide in
places adong the furrow seems to contradict the theory of compression; but these are
regarded as due to the irregular, crooked fracturing of the surface and the faulting of
irregularities into juxtaposition with one another near the surface. The open cracks
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were never found to be of great extent, but were usualy followed by stretches along
which the earth was heaped up into a mound, as if by being prest together. The surface
furrow indicates that there was a zone of crushing some 2 or 3 or more feet wide. Where
asimilar cross-section of the fault is viewed from the opposite direction, no such face is
exhibited on the northeast side, but instead a mass of crusht earth projecting beyond its
former position.

Offsets onfences, pipes, dams, etc. — About a mile southeast from the point near Mussel
Rock where the furrow was first noted as a clearly defined feature, the fault-trace passes
thru the trough of awell-marked saddle. This feature is more accentuated than similar
features at other points along this portion of the rift, tho many such are found.  Southeast
from this saddle there is recognizable in the topography a distinct line of former move-
ment, lying east of the fault. No furrow fallows the line continuously, but an occasional
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FIG. 29. — Offset fence southeast of Mussel Rock, showing distribution of deformation on either side of fault.

short fissure or crack runs dong it for alittleway. To the west of the place is asimilar,
but less well marked, topographic indication of aformer movement. There isno evidence
of any movement on this line at the time of the earthquake. At the point where the
fault-trace crosses the road, less than haf a mile farther on, the roadway and fence were
broken, but the effects were so confused that the measure of the offset could not be
determined. The apparent horizontal displacement was slight.

Still farther to the southeast, about 1.25 miles, the fault intersected a fence and not
only caused it to be offset, but the intersection showed clearly the effect of the drag in
the earth movement. The bearing of the fenceis N. 68° E., so that it is approximately
transverse to the line of the fault. On the west side of the latter, the fence suffered a dis-
placement to the northwest of 13 feet from its former position, and this displacement
was effected by a bending or curvature in the fence line extending westerly from the
fault for a distance of over 200 feet. On the east side of the fault, the fence was bent
away from its former position, in the same direction, about 7 or 7.25 feet, the bent portion
extending easterly from the fault-trace about 45 feet. The two ends of the fence were
thus offset on the line of the fault only 5.75 to 6 feet, altho the total displacement was
13 feet. The displacement is shown diagrammatically in fig. 29. At a point 330 yards
beyond this, on the Rift, the fault-trace was found to be confined to a furrow about 6 feet
wide, passing thru alittle trough between an outcrop of Franciscan on the west and a fine
conglomerate (Merced) on the east.
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Nowhere along this portion of the fault-trace between the dide at Mussel Rock and
San Andreas Lake was there observed any definite evidence of vertical displacement.
There was a hint of dight upthrow on the western side, but it could not be tested by
measurement.  There were, in general, furrows on either side of the main fault, at various
distances up to 200 feet. Some of these were persistent for considerable distances.
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FIG. 30.~+ Index map showing positions of three fences, A, B, and C, the
offsets of which are shown in figs. 31, 37, and 38.

About 2 miles from the upper end of San Andreas Lake the fault encounters the 30-inch,
laminated, wrought-iron pipe of the Spring Valley Water Company, which prior to the
earthquake conveyed the water from Pilarcitos Lake to San Francisco. The metal of
the pipe is about 0.1875 inch thick and coated with asphaltum. The pipeisburied inthe
s0il at a depth of 3 to 4 feet. The point of intersection is near Small Frawley Canyon.
Here the course of the pipe swings from a northwesterly to a more northerly course,
and the fault consequently intersects it at an acute angle. At the point of intersection,
the pipe was obliquely sheared apart and telescoped upon itsdf, effecting a shortening
of about 6 feet. The amount of the transverse offsat involved in the shear was about
haf the diameter of the pipe. The portion north of the break was moved east and tele-
scoped southerly.  For 0.875 mile southeast of this point, the path of the fault lay on the
northeast side of the pipe and nearly parald to it, but a short distance away. About
220 yards southeast of the intersection, where the pipe, buried a few feet below the sur-
face, ascends a rising dope, the pipe had completely collapsed for a distance of several
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yards, due doubtless to the establishment of a partial vacuum within the pipe by the
sudden withdrawal of the water from the arch in the pipe at the time of the shock, owing
either to the leakage below, or the propulsion of the water induced by the shock. (See
plate 60B.)
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FIG, 32.—Dislocation of fence near San Andreas Lake. After H. Scliussler.

At a point about a mile from the upper end of San Andreas Lake, the fault intersects
a bend in the pipe at two places, and here again the pipe was telescoped. (See plate
60A.) The conditions at one of these intersections are thus described by Mr. Robert
Anderson:

The pipe makes an angle of about 15° with the fault-trace, the end of the ﬁipe on the
north sde of the fault running that much nearer the north. The ends of the pipe on
0|op05|t_e sdes of the fracture were therefore thrust into each other.  The furrow was at this
place divided into several smaller ones, the disturbed zone covering an area of considerable
width. The pipe was broken in three places within 100 feet. In one place it was tele-
scoped 58 inches, as shown in plate 59B; in another 17 inches, and in a third, the one
farthest north, 41 inches.

Near the head of the lake, the pipe was again intersected by the fault, with results
described by Mr. Anderson as follows:

The pipe line runs amost paralel with the fracture, but dightly more to the west at
this point, so that the acute angles made by the ends of the pipe with the furrow were in
this case on opﬂosite sides of the furrow to those in the two previous instances. In other
words, the southeast end of the pipe was farther to the east than the southeast end of the
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furrow. The movement was in the same direction as before, therefore a pulling apart of
the pi Ee took place instead of a compression. There occurred two breaks in the pipe (see
plate 59A), the main one at the crossing of the fault, and the other 150 yards away on the
northeast side of the fault, but very near it, the pipe being amost paralel with it. At
the main bresk, the pipe was pulled apart 59 inches, and at the other one 21.5 inches,
making a total displacement of 6.666 feet. The pipe was not quite parallel with the fault
and therefore there was a dlight offset, at right anglesto its direction, of 4 inches at the main
bresk and 2 inches at the minor one, or a total of 6 inches. A fence which crost the fault
a the main break is offsst 65 feet. (Plate 60c.)

The index map, fig. 30 (p. 95), indicates the
position of three dislocated fences which were sur-
veyed by R. B. Symington, CE. The fences are
marked A, B, C. One of these fences, C, near the
upper end of San Andreas Lake, is nearly normal to
the trace of the fault, and its deformation extends
over a zone 1,200 feet wide, the total displacement
aggregating 16.9 feet. Here, as usual, the portion on
the southwest side of the fault moved relatively to
the northwest, but there was a distinct' drag on the
northeast side in the same direction. (See fig. 31.)

The offsets in three other fences southeast of San
Andreas Lake are shown in figs 32, 33, and 34 and
plates 60D and 61B.

Thruout this 2-mile stretch within which the pipe
line nearly paralels the fault-trace, the path of the
latter is strongly marked by a prominent furrow in
the sod, with the usual diagonal cracks and variable
width. This furrow lies on the northeast side of the
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FIG. 33.—Dislocation of fence near San
Andreas Lake. After H. Schussler.

FIG. 34. — Dislocation of fence near San Andreas ljike. After H. Schussler.
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lake for the first 0.875 of a mile of its length. It then enters the water (plate 61D) and
follows the northeast side of the lake, alittle distance from shore, to the San Andreas dam
at the lower end of thelake. In this distance of nearly 2 miles, the fault-trace emerges
from the water at a number of points where little capes project into the lake. The cross-
ing of these capes by the fault-trace indicates that it follows avery straight course beneath
the water of thelake. On the last of these promontories traversed by the fault, the main
fault-trace has associated with it a number of auxiliary cracks. Between the main
fault-trace and one of the diverging cracks, on the southwest side of the fault, is a brick
and cement gate-well in connection with the tunnel which takes the waters fromthe lake
toward Millbrae. This gate-well was circular in cross-section, the inside diameter being
about 26 feet. The nearest point of the structure to the main fault-trace is within 5 feet.
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FIG. 35.—Main and auxilia y faults, San AndressLake. A. Generd Plan. B. Detal. After H. Schusser.

The walls are about a foot thick, and are strongly buttressed. As aresult of the shock
this gate-well was shattered and deformed so that it became oval in cross-section, the east
and west diameter becoming 30 feet and the north and south diameter about 21 or 22
fedt, as shown in the accompanying figure. A new concrete gate-well a few feet to the
north, rectangular in cross-section and having three compartments, each 2.5 x 2.5 feet,
was uninjured, altho on the line of the same branching crack. A concrete manhole 45
feat northeast of the damaged gate-well, also on an auxiliary crack, was similarly unaf-
fected, (Seefig. 35.)
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At the San Andreas dam, the fault past thru arocky knoll which serves as an abutment
for the dam on both sides, the embankment being in 2 parts. The rocks were shattereol,
and the road over the dam and the fence paralleling it were offsat severa feet in the
usual direction. The ground here was traversed by severa cracks, those onthe south-

Scote in fest
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L.
FIG. 3> — Intersection of San Andreas dam by fault. A. Plan of dam in two pirts, with
rock between. B. Relation of dam to waste weir tunnel. C. Detail of waste weir tunnel.
west side of the fault branching southerly from it and those onthe northeast side branch-
ing northerly. Bedow the dam a heavy wooden flume on a trestle within 50 feet of the

fault-trace was demolished for about 60 feet of its length.
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About 125 yards bdlow the dam the fault past thru the lower end of a massively built
brick and cement waste weir tunnel. The inside diameter of the tunnel was about 7
or 8 feat and the walls were 17 inches thick. At the intersection of the fault within this
structure, the latter was stove in and smashed in pieces for a distance of about 28 feet.
The tunnel was offsat about 5 feet.  In the shattering of the brick work, the cracks and
ruptures in no case followed the cement between the bricks, but broke across the latter;
the cement and its adhesion to the bricks being stronger than the bricks themselves,
atho the bricks were evidently carefully selected and of good quality. Several cracks
traversed the tunnel longitudinally and obliquely to the northeast of the part that was
demolished. (See fig. 36)

About 550 yards below the San Andreas dam, the fault-trace crost a boundary fence
between the estate of D. 0. Mills
and the property of the Spring
Valley Water Company, causing an
offsst of about 10 feet. Here the
deformation of the fence was dis-
tributed over a zone 300 feet wide
in the direction of the fence, or
about 250 feet in a direction nor-
mal to the trace of the fault. A
survey of the dislocated fence
made by R. B. Symington, C.E., is
shown in fig. 37. Haf a mile be-
low the dam, the fault again crost
the PFilarcitos pipe. A note by
Mr. Anderson as to the conditions
at this intersection is as follows :

It is a 2-foot pipe made of iron
1 inch thick. The fault broke it at
an upward bend. An ebow at the
_wooféet bend was crusht by the compression
and thrown down, while the two
remaining ends were brought about
: . 22 inches nearer together. At the
FIG. 37.—Fence B of fig. 30. Dislocated by fault. same time they were faulted past
each other a distance of 20 inches.
The pipe runs N. 25° E,, making an angle of 65° with the fracture, which here runs N.
40° W. The telescoping at this angle, being 22 inches, represents 52 inches of faulting.

In this neighborhood the fault crost a wire fence nearly normally, the line of which
had been carefully established by a series of stone monuments. The fence marks the
boundary between the estates of D. 0. Mills and A. M. Easton. The deformation of the
fence as shown in the accompanying diagram, fig. 38, from a survey by R. B. Syming-
ton, C.E., extended over a zone at least 2,200 feet wide. On the southwest side of the
fault-trace, the fence was displaced to the northwest a distance of 9.3 feet, and on the
northeast sde it was displaced to the southeast 3.4 feet, making atotal displacement of
12.7 feet and showing a dlight drag close to the line of the fault. There were two par-
alel cracks representing the fault about 90 feet apart, and the chief displacement took
place on the west crack.

About 0.625 mile farther southeast, near the upper end of Crystal Springs Lake, the
fault crogt another fence showing a displacement of 9 feet. About 0.25 mile south-
east of this place, the fault crost the Locks Creek 44-inch pipe line. Regarding this
intersection Mr. Anderson writes:

Scale along fence line
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PLATE 59

A. Rupture of 30+indi water-pipe by fault. Northwest of Seon AndreesLake, A. O. L.

B. Tkrot of 30-inch water-pipe by faalt, aerthweit ®f 8aa Amdrets Laks. Anovat of teiMeopiag if 58 beta. A. 0. L.



PLATE &0

A Offset in 30-inoh water-pipe by fault. Northwest of San Andreas Lake. A. 0. L.

E. L. H,

0. Offsst of 6.5 feet in fence, northwest of San Andreas L ake.

B. 0O<l1gpe of 30-inch water-pii>enorthwest of San Andran* TAVS. E.L.H.

D. Offset of 6 faat in fence batween Bau Andrens avd Orystel Springs Lakes, PerJ. OB.



PLATE 61

A. Fault-trace where it passes into San AndieasLake, D.

B, Oflkrtfttto*WMurGe.!V g--jfsLO». B. A.



PLATE 62

A. Exposure of dioken-sded fault plane near north end of Crystal SpringsLake, E. A.

-5

B. Offs# of road bj main fault near Seartrille reservair. Per J. C. B.
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~Just above the northern end of Crystal Springs Lake, a 44-inch water main made of
iron 0.125 inch thick runs up the hill from the lake valley in a direction about N. 28° E.
Thislineis buried al the way under severa feet of soil. The fault crossesit at the base of
the hill, in its N. 37° W. course, thus making an acute angle of 65° with the pipe line.
At the intersection of the fault and the pipe line, the heavy rivets of the pipe were torn out
dl the way around at a section joint and the two sections were jammed into one another a
distance of 4 feet 4 inches. In addition to the telescoping of this O,ol pe, adight change in
course was induced, so that the northeast end trended one or two degrees more toward the
east than the other end. This was shown by the fact that the broken ends did not fit into
each other squarely. There was no lateral displacement, the whole movement having been
taken up by the telescoping, but there was a bending of the pipes at the point of the break,
as mentioned. The main part of the pipe, a a distance from the fault, must have moved
with the land. At the fault-trace there was a bend amounting to one or two degrees.
Supposing the bowing to be simple, this amount indicated that the land must have carried
the pipe the distance represented by the telescoping, or about 10 feet, within 300 to 500 feet

Sca/le along fence line
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FI1G. 38. — Fence A of fig. 30. Dislocated by fault.

of the fault on one side, and that beyond such a point the pipe must have preserved its
normal course. Asamaitter of fact, this same pipe was broken on the northeast sde of the
fault about 400 feet further up the hill. The break occurred at the junction of 2 sections,
the rivets having been sheared df and part of the rim torn away at the rivet holes. The
ends were pulled apart 3.375 inches. Here the pipe resumed its former course, but owing
to the dight amount of the pipe displayed by the excavation, it was impossble to see
whether a return bend occurred or not. Beyond the break the direction was as before
measured, approximately N. 28° E. No such break occurred on the southwest sde of the
fault. A crack was formed in the earth at right angles to the pipe for several yards on
either sde of the break.

The measurements of the engineers of the Spring Valey Water Company on the
break and displacement of this pipe at the intersection above described by Mr. Ander-
son are given in the accompanying diagram, fig. 39.

About a mile southeast of the Locks Creek pipe line, the trace of the fault entered
Crystal Springs Lake for the stage of water of April, 1906, At 2.5 miles farther
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southeast, it crosses a small point projecting into the lake from the northeast side.
Half a mile beyond it passes thru the dam between Upper and Lower Crystal Springs
Lakes. This dam is now simply a causeway across the lake, the water on both sides
standing at the same level. The dam was rendered superfluous except as a causeway
by the construction of the great concrete dam at the outlet of the present Lower
Crystal Springs Lake. The latter was uninjured by the earthquake, a careful exami-
nation having failed to reveal even a crack in the splendid structure.

Where the fault intersects the causeway dam between Upper and Lower Crystal
Springs Lakes, the dam was dislocated and offset about 8 feet. (Fig. 40.) This dis-
placement was well marked in the roadway across the dam and in the fences which
paralel it. The fences on both sides of the road were broken and the boards were
buckled and shoved over each other; the telephone wires crossing the lake sagged con-

, Siderably, showing that the movement brought
the poles closer together. The facts indi-
cate, as previously stated, that, in addition to
the offsat of the dam aong the line of the
fault, there was a notable compression in the
direction normal to it. Beyond this dam the
trace of the fault is partly beneath the lake
and partly skirts its southwest shore (for the
water level of April, 1906), and finaly leaves
the lake on that side about 0.25 mile from its
southeast end.

Exposures of the fault-plane (R. Anderson).
— In addition to the evidence given by fences
and pipes, there is the displacement of land
surfaces and actual exposures of the fault face
a the surface. Examination of mounds, em-
bankments, and shore lines crost by the rup-
ture usualy revealed a displacement of the
surface, and an interruption of the old topo-

graphic outlines. In the case of mounds cut

i, " Southwesttvardly from this by the fracture, the displacement makes itself
d ; poin t/£4 "pipe pulled apart; 3., . . .

/¢ Tolnetshorteningorpipe59% | - apparent in vertical scarps in consequence of

Scale in feet the curved surfaces being faulted past each

Sl —L-30 400 | other. At the northwest face of a hillock,

i —— near where the furrow emerges from Crystal

Fiu. 39.—Intersection of fault and Locks rings Lake, the northeast side of the mound

Creek pipe. After H. Schusslr. iptheg side away from the lake—has retreated
relatively, leaving a portion of its lower dope in juxtaposition with the higher dope of
the other side. A horizontal line across the exposed face would give the distance moved,
provided no subsidence had taken place, which does not seem to have been the case.
The distance could be only approximately measured, but it is at least 8 or 10 feet. A
crack 2 to 3 feet wide and severa feet deep separates the two walls locally. Looking at
the oilier sde of the same mound an irregular face several feet in height is exposed on
the northeast side of the fault, the natural result of alongitudinal dipping. The fault-
ing of raised surfaces after this fashion was discovered in various other instances.
Large hills were crost only two or three times in this stretch of the fault. They were
not so affected.

The banks of stream chanhels sometimes preserved evidence of the movement even
more completely than did mounds. Almost every gully crost by the fracture suffered
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a digointing, resulting in a narrowing and bending of the channel at one point. The
banks on the northeast and southwest sides of the fault were thrust past each other south-
east and northwest, respectively. Usually the movement resulted in the crushing of the
loose earth at the surface, while the roots of plantstended to hold it in place, so that the
displacement was not evident in its full effect. An example where this is wdl shown
occurs in the channel of a small stream running at right angles to the fault valey just
north of the north end of Crystal Springs Lake. The banks of the gully were about 20
feet high. Where the fault crosses the southeast bank, the parts on either sde of the
crack faulted past each other horizontally, the result being a relative displacement of
the northeast side of the fracture at least 8 feet toward the southeast. There is no
vertical movement apparent. An escarpment is left exposed on the southwest side of
the fault from top to bottom of the embankment. The material of the bank, plastic,
argillaceous earth derived from weathered shale, was dightly moist at the time. The
fault planes are closdly apprest
and the clay was left dicken-sided
and lined with distinct horizontal
striations. (Plate 62A.) The op-
posite bank of the stream gives
evidence of a similar movement,
but the loose earth was held by
large roots and the displacement
of the underlying earth was ob-
scured.  The two projecting faces
of the opposite banks amost met,
making the channel very narrow
and curved.!

A steep embankment of weath-
ered serpentine and soil occurs at
the southern end of San Andreas
Lake, where it is crost by the
fault. The zone of rupture is
several feet in width and the
broken material on the northeast
side is shown projecting several Scale In feet
feet beyond its previous position | ‘mesio—t2a—at—t2
in continuity with the serpentine FIG. 40.—Map of fault-trace across old dam between Upper
dope. A displacement of the and Lower Crystal Springs Lakes. After H. Schussler.
shore line is observable at several places where the fault fissure enters the lake.
Wherever cracks were opened, search was made for the digointing of squirrel holes and
other discrepancies due to shifting, but with rather unsatisfactory results. Roots,
however, were found broken and displaced in accordance with the genera movement
as shown by other things. In general, the search for evidence in the separation of
different zones of vegetation or of color in the earth, etc , failed to add anything of value
to evidences of other kinds.

Vertical movement (R. Anderson). — No proof was found of a vertical movement along
the fault line. Here and there occur small escarpments along the fissures, varying from
a few inches to severa feet in height. They were only local, however; they exhibited
no constancy in the side of the fault upon which they appeared, and were invariably
explainable either as fault exposuras such as are discust in the previous paragraphs, or as

! The writer isindebted to Mr. C. E Durrell and Mr. F. D. Posgy, of St. Maithews School, San Mateo,
for the discovery of this interesting example of faulting.

UPPER CAYSTAL
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due to settling of loosdly accumulated or unsupported earth.  For this reason no credence
is given to the idea that an uplift or downthrow occurred aong this part of the fault.
This statement is based entirely on the evidence collected on the ground shortly after
the earthquake and has nothing to do with the direction or amount of earlier displace-
ment along this same fault-line.  In some places an upward thrust seems to have taken
place, as in the case of raising 7 pipes. This may, however, have been caused by wave-
like movement in the ground near the surface or simply by the local heaving up of the
ground as the result of compression.

CRYSTAL SPRINGS LAZE TO CONGRESS SPRINGS.

For our knowledge of the character and extent of the earth's movement on the fault
for that portion of its course lying within the limits of the Santa Cruz quadrangle of the
U. S. Geologicd Survey, or between Crystal Springs Lake and the vicinity of Congress
Springs, we are indebted to observations made by Messs. H. P. Gage, F. Lane, S. Taber,
and B. Bryan, under the direction of Professor J. C. Branner. The notes of these gentle-
men are preceded by a summary statement, and are arranged as far as possible in
sequence from northwest to southeast in the following section:

SUmmary statement (J. C. Branner). — The fault-trace that follows the San Andreas
Valley continues southeastward in a nearly straight line. Beyond Crystal Springs Lake,
it passes thru the village of Woodside, the Portola Valley, crosses Black Mountain a mile
southwest of the triangulation station, follows down the general course of Stevens Creek
a distance of 5 miles, and thence, following the same general direction aong the eastern
dope of Castle Rock Ridge, passes df the eastern side of the Santa Cruz quadrangle
near latitude 37° 10'. West of Stanford University it follows along the northeastern
base of the mountains that lie between the Pecific Ocean and the Bay of San Francisco,
but as it passes toward the southeast, it cuts into the range and leaves Black Mountain
and Monte Bello Ridge on the northeast side, while south of Saratoga it keeps well within
the mountains. A singular feature of the fault, as it appears at the surface, is that in-
stead of fallowing the bottoms of the valleys, it often skirts along the base of one of the
enclosing ridges, as shown in the accompanying sections. (Fig. 41) Thisisnot an in-
variable rule, however.

It will be seen from the map/No. 22, of theisoseismal lines on the Santa Cruz quadrangle
that there are severa other faults within the area of the quadrangle, but evidences of
movement at the time of the earthquake have been found only on this San Andreas
fault-line, with the possible exception of dight movements along part of the Black
Mountain fault. Cracks in the ground occur here and there aimost al over the area
covered by the sheet, but the cracks away from the San Andreas fault are due to incipient
landslides or to the settling of loose or wet ground, and are not otherwise related to the
more profound faults.

The movement that took place aong the fault in this portion of its course at the time
of the earthquake was amost entirely a horizontal one. At severa places evidences
were seen of vertical displacement, but further examination showed in many instances
that the appearances were deceptive or due to loca causes. For example, where the
fault crosses the top of Black Mountain there was apparently an upthrust on the north-
east side of the fault. But it was found later that a great wedge-shaped piece nearly
half a mile across had settled on the southwest side of the fault, producing this appearance.

The direction of the horizontal displacement is uniformly a relative southeastward
movement of the land on the northeast side of the fault. The amount of displacement
varies in this area from near zero to 85 feet, This variation appears to be due to the
character and condition of the ground. Usually ground that was wet and incoherent at
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the time of the rupture yielded and was crusht so as to distribute the displacement thru
the surrounding soil.  In such places, but little or no horizontal thrust appeared at the
surface.  Where the land was well drained and the surface materials were dry, the ground
held together better except dong the fracture itsdf, and the displacement was more
apparent. It seems highly probable, however, that, owing to the deep decomposition of
the rocks and the frequent movements and fractured condition of the beds aong the
fault, the maximum displacement does not appear at the surface anywhere within the
area of the Santa Cruz quadrangle. Nowhere has the fracture been found passing thru
freshly broken beds; and in view of the antiquity of the fault itself, and the evidence of
many movements upon it, such an exposure is not to be expected.

SOUTH OF WOODSIOE FOLGER PLACE

\/{\

SOUTH OF C. SPRINGS LAKE

STEVENS CREEXK
CANYON

ALPINE ROAD SOUTH OF 5. JOSE RESERVOIR

FIG. 41. —Prdfiles of Rift, showing relation of fault to dopes.

Crystal Springs Lake to Portola. — Southeast of the southern end of Crystal Springs
Lake are numerous cracks along the line of the fault. One less than 0.5 mile from the
southern end of the lake past directly under a house, the chimney of which had falen,
and the building had burned to the ground. (28, map 22) About 100 feet southeast
of the road near this house (29, map 22) acrack 15 feet wide in places runs approximately
paralel to theroad. The cracked belt adjoining is about 4 feet in width, the downthrow
being about 6 inches on the northeast side, the lateral thrust about 1 foot on the same
side, the northeast side moving southeast relative to the opposite side.

About a mile southeast of the lake are large cracks, running approximately north and
south, in places 15 feet wide. At a point 2 miles southeast of the lake, a crack about a
foot wide is crost by a fence running N. 53° W. (27, map 22.) The top wire of this
fence was broken by tension during the shock, and the post nearest the crack was snapt
df at the ground, the adjoining post being uprooted, and bent over in the same direction
asthe broken one. The posts are of split wood about 5 inches in diameter, and the wires
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are 2-strand barbed wire.  This belt of cracks continues for about 300 yards aong the
road. Near Woodside there was a 2-inch crack trending northwest-southeast, with an
upthrust of about 2 inches on the northeast side. A crack 15 feet wide in places runs
N. 23° W. across the road, entering Woodside village from the southwest, just west of
the bridge, and in places shows an upthrust of about 2 feet on the northeast side. A
smal tree on this crack was uprooted in the western part of the village. On the
King's Mountain road, southeast of Woodside, a large crack of the main fault-trace
crost the road, and the fences on both sides were pulled apart. (See plate 62B.) NO
vertical throw was observable. About 200 feet west of the fault fracture were severa
smaller cracks paraléel to it.

Further southeast, down the road toward Portola, the main fault-trace crosses the
road just north of the creek and within 12 feet of a giant redwood. The ground was
raised and crumpled across the road, and the cracks extend both up and down the stream
from this place. In a cluster of young redwoods southeast of this road a board fence is
bent out of line, and huge cracks opened among the roots of the trees. A wire fence was
pulled in two and one of the posts split. In this cluster of trees the fault past thru and
split a big redwood stump.

Two fences crossing the crack at right angles near 12 (map 22) had been thrown out
of line, their northeast portions being moved southeast relative to their southwest por-
tions. They had been given an offset of 85 and 8 feet respectively. (Plate 63B.) A
large oak tree standing on the crack was uprooted, while branches were snapt on a big
white oak tree just south of the fault line.

Northwest of Searsville Lake, about a mile, there is a belt of cracked ground 7 or 8
feet wide, one crack being 1 foot in width. The apparent upthrust was in some places
2 fet onthe northeast side. At other placesthere is no change of level. On the Portola
road, just southwest of the Searsville Lake, parallel cracks with atrend N. 43° W., some
of them 15 feet wide, were formed across the road and extended into the marsh to the
northwest and into the woods on the southeast. Where they crost the road, the fence
boards were broken and the earth shoved up in ridges; the northeast side of the crack
moved southeastward.

The main fault fracture passes thru the Portola Valley and crosses the public road in
front of a small 1-story house southeast of the village store. Where the fault crosses
the road, the fences on both sides were torn in two, and in the prune orchard south of the
road the rows of trees were displaced in some instances about 2 feet. The cracks in the
road were about 6 inches wide, approximately parallel, and running nearly north-south,
while the direction of the fault line itsdf was about northwest-southeast.

About amile beyond Portola, a crack, measuring 2.5 feet in width in some places, crost
a fidd, the cracked ground spreading out for 10 feet at intervals. Wooden fences cross-
ing it were broken, water pipes bent and pushed up to the surface of the ground, and a
dead tree near the line of the crack was thrown down. There was an apparent upthrust
of about 2 feet on its northeast side.

Road from Judge Allen's southward. — Between 3 and 4 miles southeast of Portola,
many cracks were visible extending in al directions. Several showed an uplift on the
east or northeast side, which is aso the downhill side. Some cracks were from 4 to 5
inches wide, and had a vertical throw of nearly a foot. In other places the downhill
side had been thrust upward, and pieces of the crust shoved as much as 4 inches over
the uphill side. Near the top of the ridge, just before reaching the point where the trail
branches df, a4-inch crack running S. 63° E. showed a 4-inch upthrow on the northeast
(downhill) side. Southwest of the ridge and about 100 feet below the trail, an old land-
dide dating back to some time within the past year, covers about 2 acres. Around this
dide the ground appeared to have been much cracked recently.
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Along this trail the direction of the cracks varied considerably. One an inch wide in
places, esawhere branching into several smaller ones, was traced for about 150 yards,
chiefly along the crest of the ridge. Its direction varied from due east to southeast, and
the upthrust on the west was sometimes as much as 3 feet. Going northwest down the
crest of the ridge, numerous cracks crost in directions varying from southeast-northwest
to northeast-southwest, several showing an upthrust varying from a few inches to a foot
on the southwest side. At the foot of the trail, a large crack running down the center
of the valley followed the road for about 100 yards, then cut across the fidds. In places
the crack was 2 feet wide, but in other places aridge 3 feet high had been raised beside
the road, and there were many parallel cracks within 50 feet of either side. There were
upthrusts and downthrows, some as much as 15 feet, but the total change of level seemed
to be nil.

Alpine road. — A fault branches from the main San Andress fault in the Portola Val-
ley and crosses the Alpine road just where the Portola road leaves the latter. At this
fork several cracks were formed at the time of the earthquake. A water pipe 2 inches
in diameter was buckled and lifted out of the ground here, and farther along the Portola
road this same pipe was pulled apart. Following southward aong the Alpine road, the
next evidence of disturbance by the earthquake was where the main fault-trace crosses
the road 0.75 mile south of where the Portola road forks. Here the road was so
badly broken and cracked that it was not possible to ride or drive across the fracture
until the place was repaired. (Plate 63A.) The fracture followed along the south side
of the road for a distance of 300 feet, tearing up the bank with cracks, some of which
were a foot or more across. Where the road bends toward the south, the fracture crost
to the north side of the road, making cavities several feet deep. These cracks continued
toward the northwest thru the underbrush, pulling apart a barbed wire fence and leaving
many well-marked furrows thru the adjoining fields. About 30 feet north of the road,
a white oak, somewhat weakened by decay and fire, was jerked df by the violence of the
shock. To the southeast the fault-line is traceable by a well-marked furrow thrown up
in the fields. Where the fracture crosses the Alpine road, there appears to have been an
uplift of about 2 feet on the northeast side of the fault. This appearance may be due to
the settling of a part of the ridge of incoherent materials to the south, or it may be due
to the lateral thrust aong a doping surface.

Black Mountain. — The great mass of Black Mountain lies between the San Andreas
fault and a branch fault (Black Mountain fault) which, starting in the Portola Valley,
crosses the Page Mill road on the north side of the mountain about a mile south of Clarita
vineyard. This area between the faults was badly shattered by the earthquake, tho it
is not clear whether the abundant cracks found over the surface are to be attributed to
the boldness of the topography or to the crushing of the wedge-shaped end of the fault
block. Several days &fter the earthquake, 345 cracks, large and small, were counted
along the county road (Page Mill) in a distance of less than 3 miles between these faults.
These cracks ran in every direction, and some of them were clearly attributable to loca
topography, while others cut thru the mountains in apparent disregard of the topography.

The main fault-trace crosses the Page Mill road in a topographic saddle near three
frame houses. The displacement occurred dong two paralel and well-defined cracks
some 30 feet apart. These cracks can be traced across the fields on both sides of the road.
Toward the northwest they converge until they are only a few feet apart. Where they
crost the road, the fracture was not a single clean-cut break, but made up of a series of
small short cracks from 3 to 5 inches across, parallel with each other and "splintering”
across the general direction of the fracture. The fences on both sides of the road were
displaced about 3 feet, and there was an apparent drop of 18 inches on the southwest
side of the fault. The horizontal displacement showed the northeast side to have moved
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relatively toward the southeast. The apparent vertical displacement seems to be decep-
tive, or rather, it appears to be due to the settling of a wedge-shaped mass on the south-
west sde of the fault. The south sde of this mass was indicated by a crack about 300
yards farther south along the road where a crack showed a drop of several inches on the
northeast side. On the Monte Bello Ridge, a mile southeast of the Black Mountain
triangulation station, there were a few inconspicuous cracks, without any uniformity
of direction. Just south of the triangulation station, the cracks were more conspicuous;
one of them was 200 feet long, and had a bearing of N. 13° W. At and about Hidden
Villa, a smal ranch in the deep valley 2 miles northwest of Black Mountain triangulation
station, there were no cracks in the low ground, even where they were expected, as this
is on the line of the Black Mountain fault that crosses this region from the direction of
Portola.

Page Mill road. — In fallowing the Page Mill road up Corde Madera Creek from May-
field, the first noticeable trace of the earthquake was a crack crossing the road due east
and west, its width varying from 0.5to 1 inch. Wagon-tracks showed alateral displace-
ment of 1 inch, the north side of the crack having moved west, relatively to its south side.
This crack was traced a short distance into thefieldsbeside the road, where it disappeared.
Severa smaller cross-cracks intersected it at intervals. There was no apparent vertical
displacement. About 100 yards farther south were 3 smaller cracks varying from 0.25
to 0.75inch inwidth. OneranN. 53° W., and another N. 23° W. Thelatter, being only
8 fet from a culvert crossing under the road, appears to have been deflected by this
from a course running more nearly east. Here again was no evidence of vertical throw.
Going on up toward the Alpine road from this point, more and more cracks were found,
running approximately east and west, with the exception of several north and south ones
where the road ran closely paralel to the stream. Less than a mile from the first crack,
groups of cracks were accompanied by small dides of dirt from the hill to the west of the
road, and farther on from the bluff to the east of it. The cracks ran nearly parallel with
the axis of the branch-valley lying northeast and southwest. Farther up the road, large
cracks began to appear among smaler ones running parallel. The first of these was 2.5
inches across and ran S. 13° E., with a downthrow of 1 inch on the east side, and could be
traced from 50 to 100 feet on either side of theroad. For amile farther up the road, the
cracks became so numerous and complicated that it was impossible to map any individual
ones. They intersected and ran in al directions, and were al of varying widths, the
largest seen measuring 8 inches across. The size of this crack, however, was probably
partly due to its position on the sde of a hill. The larger cracks could be traced for
several hundred feet.  In some places crushing had taken place, and the layer of macadam
on the road had been humped up and broken. In this same area are many small land-
dides, some large enough to cover the road; one has occurred since the earthquake.

Sevens Creek. — Following the road from the junction of the Castle Rock Ridge road
with the road from Stevens Creek to Boulder Creek toward Stevens Creek, small cracks
appeared crossing the road in adirection of N. 1° E.  Further east nearer Stevens Creek,
the road was badly broken up by the land diding in two directions, N. 18> W. and N.
47° E. All aong this region cracks varying from a fraction of an inch to 2 inches in
width, and running from N. 43° W. to due north and south, appear every 10 feet or more,
showing a badly broken-up area. Here and there such cracks resulted in landslides from
the bank to theroad. A crack about 2 incheswideran N. 53° W. for some distance above
the house, at the junction with the Stevens Creek road. On the Stevens Creek road, just
after leaving the Saratoga road, there were cracks every 20 or 30 feet, running in the
same direction, about N. 43° W. A mile and a haf northwest of the place where Stevens
Creek turns northeast, a strip of ground 2 feet in width and about 100 yards long had been
broken up, with a downthrow of about 6 inches on the west side. The cracks ran N.
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A. Offst of Alpine raed 5 miles west of Saaford Universty. Per J. 0. B.
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43° W. From here northwest the disturbance continues ifi the same genera direction.
A number of breaks often occurred together, arranged as steps, in each case the down-
throw  being on the east side and measuring about 4 inches, the direction varying from
N. 33° W. to N. 3° W. Following the Stevens Creek road on down toward Congress
Springs, severa landslides were noted, mostly small ones due to caving in of the- banks
of the creek. Just west of the springs the road was badly broken, twisted, and shoved
up in places, the downthrow being first on one side and then on the other.  In some places'
along the bank the west side projected 2 inches farther than the other, while the fenee
showed an offset of 2 feet. The large stone bridge across the creek appeared intact,
but west of it alarge patch of ground had dlipt down 2 feet.

South of Congress Springs. — Near and northwest of the reservoir 2.5 miles southeast
of Congress Springs, fissures from 4 to 6 feet wide ran nearly north and south, and past
thru the earthen dam at the northwest end of the reservoir. (Plate 64A.) The Thtake
pipes at the south end of the reservoir were disconnected, and the escaping water under-
mined a part of the southern dam of the reservoir. This reservoir is in a topographic
saddle and has dams at both ends. The fault-trace passes thru this saddle. Where
the bottom of the reservoir was exposed by the escape of the water, cracks of the fault-
trace were exposed in the mud. Fences crossing the fissures showed but little displace-
ment; the displacement moved the northeast Sde toward the southeast, relatively.
The hills southeast of the-reservoir have steep dopes of from 20 to 50 degrees. The
cracks follow the east-facing dopes and the east side of these cracks had raised about
6 or 8 inches. Southeast of the reservoir the chimneys and water-tanks-were down.

CONGRESS SPRINGS TO SAN JUAN.

Mr. G. A. Waring, under the direction of Prof. J. C. Branner, studied the displacement
along the fault from the vicinity of Congress Springs to its southern end near San Juan.
The fallowing is an account of the phenomena observed by him:

Cracks and displacements along thefault-trace (G. A. Waring). —Starting at the upper
reservoir about 2 miles south of Congress Springs, the fault-trace was folowed to Its
southern end near San Juan. From the upper reservoir, thru which the fault past,
cracking the dams at each end, afairly continuous series of cracks a few inches wide runs
down the southwest side of Lyndon Creek about 2 miles to Mr. Edwards' place, " Glen-
dora." Thruout this distance the individual cracks run S. 3° to 13° E., while the line
asawhole trends S. 33° E. The relative movement of the northeast side of the fault is
from 14 to 20 inches southeast. From Glendora the fractured zone becomes wider and
not so distinct. The lower reservoir is dfghtly cracked and several fissures appear near
it, but the main line of fracture seems to be nearly 0.5 mile west of it, showing ™ two or
three cultivated fields. The whole ridge west of the reservoirs was severely shaken,
however, for cracks 4 or 51inches wide opened near Grizzly Rock and several large dlides
occurred in its neighborhood. One water-pipe running north and south on the Beatty
place was broken, while one trending east and west was unhurt. No cracks were found
crossing the ridge between GrizzZly Rock and White Rock. The cracks were next foimd
on the road about a mile east of B. M. 2135 of the U. S. Geologica Survey, but they do
not show in the vineyard to the southeast. On the ridge road, about 5 miles northwest
of Wright Station, the fault again shows dlightly in a few 2-inch cracks bearing S. 3° E.,
with a dight relative movement of the east side toward the north. Gaoing down the
dope from here to Wright, the cracks rapidly become larger.

At Patchin, 3 miles west of Wright Station, there are fissures over a foot wide trending
mainly in the direct line of the fault (S. 33° E.). Severa stretches of numerous small
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cracks alternating with a few long, continuous fissures, mark the course from Patchin to
Wright Station. Thru the Morrdl ranch it is especidly evident. (See plate 64B.)
At-Wright Station the movement is well shown in the railway tunnel. (Fig. 42.) This
tunnel runs southwest, and about 400 feet in from the eastern end of it there is a nearly
vertical dicken-sided plane, showing a shear movement of 5 feet. Apparently the south-
west side moved northwestward. Between Wright and Alma, the railway track was
badly bent in places (see plate 107A), but the ground did not crack noticeably. It seems
to have been subjected to compression, for 7 inches had to be cut from the rails when
the track was repaired. A large landdide aso occurred dose to Wright Station, partly
damming up the stream. The fault past alittle west of Wright, tearing up the public
road at severa places (plate 65A), especialy at the blacksmith shop, near Burrell School-
house. Sulfurous fumes are said to have risen from this crack for several hours. From
this place the cracks run up over the ridge just west of Skyland. Large fissures show in
the orchards and fields on the eastern side of the ridge, but are not so evident on the
western slope. Here, instead, great landslides occurred, and redwoods were snapt df
or uprooted. Thru the timbered region from Skyland to Aptos Creek, the course of the
fault-trace is marked almost its entire length by a swath of felled trees, true fault fissures
being found at only two places. On the northern side of Bridge Creek Canyon there
are typical cracks from 1 to 8 inches wide, and here also occurred a great landslide which
buried the Loma Prieta Mill. The second place where fault fractures are found is on
the ridge between Bridge and Aptos Creeks, where there are well-defined fissures up to
18 inches in width, trending S. 3° E., with a downthrow of the western (upper) side of
from 2 to 6 feet, and arelative movement of the east side a few inches toward the south.
The cracked zone is about 50 feet wide. Great dides on both sides of Aptos Creek have
amost made a valley of the canyon for fully 0.75 mile. Following across the ridges and
canyons, the discontinuous line of dides and sinks in upland marshy places marks the
course of the fault-line down into the lowland.

Theroad at Corralitos is said to have been dlightly cracked, and in the low hills between
Vdencia and Corralitos a few cracks were found; but the fault evidently runs fully 0.5
mile east of Corralitos. The mountain roads east and northeast of Corraitos were
rendered impassable by landdides and by the bridges being injured. Crossing the road
near Hazel Dell Cresk is a band of small cracks 35 yards wide, trending S. 3° E. The
fence on either sideis not displaced, but the posts lean 30° to the southwest. About 0.25
mile farther northeast the stake fence on the northwestern side of the road is moved 10
inches out of line, and the ground just beyond has sunk afew inches. The fissures appear
to die out in the marshy land west of Wm. McGrath's house, and they begin again amile
eastward, halfway up thedope. Thru this upland meadow region is a series of dides and
sinks gradually rising in elevation. At a small ravine, fissures again appear and follow
up it (S. 33° E.) for 0.25 mile, mainly as a great furrow from 2 to 6 feet wide. Three
ponds near the divide lie directly in its path, but the cracks are only a few inches wide
here. Thru the grainfieldsbeyond they are not very evident until at the divide between
the steep dope to the Pagjaro River and the gentle westward drainage. Several cracks a
foot or less in width show on the ridge, but the fault seems to set of about 100 yards to
the northeast and to consist of east and west cracks, having loosened the whole sope for
nearly a mile northward of Chittenden, causing great landslides. The fault-line crosses
the Pajaro River at the railway bridge at Chittenden. The movement is shown by the
disturbance of the concrete bridge piers. (See plates 17A, 65B, and fig. 43.) Thence
straight across the low hills and fields on the opposite side of the river a line of cracks
extends, passing 0.5 mile west of Mr. Canfield's house, "just where the earth cracked
16 years ago." This crack crosses the Sargent-San Jose road a mile north of San Juan,
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as asinglefissure 3 inches wide, trending S. 53° E.  Inthe lowland to the southeast there
is little evidence of the fault, but crossing at right angles the county road running north
and south about a mile east of San Juan, is a band of small cracks 15 feet wide, causing
the road to sink 8 inches and making a marsh of the fidd beyond. This is believed to
be the southernmost point of the recent opening of the fault. No trace of it could be found
where it would have crost roads beyond, nor were other cracks found or reported in
this neighborhood.  The disturbance affected the banks of the Pajaro River from Chit-
tenden to Sargent, causing a cracking and doughing of the banks into the stream but not
a settling of the stream bed. The San Benito River was similarly shaken for about 3
miles up from its junction with the Pajaro.  Cracks are also noticeable all along the River-
side road wherever it runs close to the river bank. The damage to the concrete abutments
of the county bridge across the Pgjaro River is due to this crowding in of the alluvial
banks of the stream.

The tunnel at Wright Station (E. P. Carey). — Mr. Everett P. Carey reportsthat he made
an examination of the tunnel at Wright Station soon after the earthquake, and again on
February 17, 1907. The result of his observations is incorporated in the following
memorandum:

The length of the tunnel is 6,200 feet. Its direction is S. 48° 24'5 W. A fissure crost
the tunnel 400 feet from the northeast portal, dong which there was a lateral displacement
of 45 feet. The movement on the southwest side was northerly with, reference to the north-
east sde.  Nothing of this fissure can now be seen, as the tunnel aong that part has been
excavated, the wals timbered and entirely obscured from view. My description rests
on my examination soon after the earthquake, before any work had been done. The strike
of thisfissureis N. 52° W., making an angle of 80° with the trend of the tunnel, and it dips
a an angle of about 75° to the west. The wadls of the fissure were well smoothed and
dicken-sided, but | did not determine the direction of the strise.  Specimens from this
fissure indicate that the fault occurred in sandstone, and that much movement had already
taken place aong the same fault in apparently avariety of directions. ﬁaecimens secured at
the time have changed from a damp, sticky, clay-like massto arelatively dry, hard, and crum-
bled condition. Streaks of light-colored sandstone occurred in this dark attrition material.
~ The damage to the tunnel itsdf consisted in the caving in of overhead rock; the crushin
in toward the center of the tunnel of the lateral upright timbers, and the heaving upwar
of the rails, due to the upward displacement of the underlying ties. In some instances
these ties were broken in the middle.  In genera the top of the tunnel was carried north or
northeast with reference to the bottom. This seems to be the prevailing condition in the
exposed part of the tunnel not yet repaired.

| examined with particular care the walls of the tunnel a several points where the
damage to the timbers appeared to be greatest, more especialy between 1,400 feet and 2,200
feet in from the opening at Wright. At each place | found severa fissure lines running
somewhat irregularly, but in general parallel to the fissure aready described 400 feet in
from the entrance at Wright. These fissures dl contained more or less attrition material.
Three of them | had an opportunity to examine better than the others.  In each case two
distinct sets of stries were tound, one set vertical and the other set horizontal. The hori-
zontal set was clearly more recent_than the vertical set, and to al appearances might
have been formed the day before. The three dicken-sided faults mentioned were the only
ones that lookt as if recent movement had occurred. The rocks in the tunnel look like
sandstones and jaspers of Franciscan age. According to the evidence, so far asit went, the
whole of the top of the mountain is fissured thruout in such a way that a large movement
could be distributed among severa fissures and thus account for a relatively dight motion
dong any one fissure. The measuring of any minor movements in the tunnel would be
difficult because of the caving in of the rocks at such points. It would seem, too, that such
movement could occur without materially altering the line of the tunnel at that point, so
far as the timbering is concerned.

As far as learned no recognized fissures or faults have been crost by the workmen thus
far, except the one 400 feet from the northeast portal. Nothing corresponding to the fissure
passng Morrédl's house has yet been found in the tunnel.
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Engineers measurements of displacement. — The reconstruction of the tunnel at Wright
Station necessitated an instrumental survey of the displacement in so-far as it immediately
affected the structure. The results of this survey have been placed at the disposa of
the Commission by Mr. J. D. Matthews, assistant resident engineer in charge of the work.
The plot of thesurvey is given in fig. 42. The plot shows that, while the tunnel is trav-
ersed by only one fault fracture, at a distance of about 400 feet from the northeast portal
the deformation has been distributed over a distance of nearly amile. This deformation
of the tunnel, or its departure from a straight line, is measured from aline drawn from the
northeast portal to a point on the same side of the tunnel 675 feet in from the southwest
portal. It indicates a bending of the ground to the northwest in the direction of the
relative displacement on the southwest side of the fault. That is to say, the bending
is in the opposite direction to that which would be characteristic of the drag of a fault.
A possible explanation of this phenomenon is that the ground pierced by the tunnel was
in a state of excessive elastic stress, even at the time the tunnel was constructed; and
that the relief effected by the rupture rendered resilience operative and so caused the
ground to be flexed in the sense opposite to that of adrag. The nature of the deformation
of the ground on the northeast side of the fault is not yet known. It may be here men-
tioned, In regard to the effect of the fault upon the steel bridge at Chittenden, that, in
addition to the cracking and displacement of the supporting piers, as noted by Mr.
Waring, the distance between the abutments was lengthened about 3.5 feet, according
to measurements supplied to the Commission by Mr. J. H. Wallace, Assistant Chief
Engineer, Southern Pacific Company, and illustrated in the accompanying diagram,
fig. 43. )



GEODETIC MEASUREMENTS OF EAETH MOVEMENTS!

BY JOHN F. HAYPORD AND A. L. BALDWIN.

GENERAL STATEMENT.

The Coast and Geodetic Survey has done much triangulation in California to serve as
a control or framework for its surveys along the coast and other surveys. The results of
all the triangulation, south of the latitude of Monterey Bay, together with the primary
triangulation to the northward, have aready been published.? In 1906 the results of
the triangulation in California, from the vicinity of Monterey Bay northward, were being
prepared for publication. The reports from various sources in regard to the effects
of the earthquake of April 18, 1906, indicated that there had been relative displacements
of the earth's surface of from 2 meters (7 feet) to 6 meters (20 feet) at various points near
the great fault accompanying the earthquake. These were relative displacements of
points on opposite sides of the fault and had been reported along all parts of the fault for
185 miles, from the vicinity of Point Arena, in Mendocino County, to the vicinity of San
Juan, in San Benito County.® The average relative displacement was said to be about 3
meters (10 feet). Displacements of that size would so change the relative positions of
points which had been determined by triangulation and so change the lengths arid direc-
tions of the lines joining them that the triangulation would no longer be of value as a
means of control for accurate surveys. The value of the triangulation could be restored
only by repeating a sufficient amount of it to determine definitely the extent and character
of the absolute displacements. It was, therefore, decided to repair the old triangulation,
damaged by the earthquake, by doing new triangulation.

If the displacements of a permanent character had occurred in a narrow belt only, close
to the fault, but a few triangulation points would have been affected. The available
evidence, however, indicated that the movements probably extended back from the fault
for many miles on each side, and that the new triangulation necessary for repair purposes
must, therefore, cover a wide belt.

The new triangulation to repair the damage was completed in July, 1907. In addition
to serving this practical purpose, it has shown the character of the earth movements of
1906, which were found to extend back many miles on each side of the fault. These are
very interesting results from a purely scientific point of view. Moreover, there came to
light, during the study of the movements of 1906, entirely unexpected evidence of earlier
earth movements, probably in 1868, which aso affected alarge area.

The purpose of this paper is to set forth fully the amount and nature of these two
great displacements of large portions (at least 4,000 square miles) of the earth's crust and
to indicate the degree of certainty in regard to these displacements warranted by the
evidence.

EXTENT OF NEW TRIANGULATION.

The new triangulation done during the interval July 12, 1906, to July 2, 1907, extends
continuously northwestward from Mount Toro, in Monterey County, and Santa AnaMoun-
tain, in San Benito County, to Ross Mountain, and the vicinity of Fort Ross, in Sonoma
County. This new continuous triangulation, as indicated on map No. 24, extends over an
area 270 kilometers (170 miles) long and 80 kilometers (50 miles) wide, at its widest part.
It includes the station known as Mocho, about 11] miles northeast from Mount Hamilton

! Published by permission of the Superintendent of the Coast and Geodetic Survey.
% See Appendix 9 of the Report of the Coast and Geodetic Survey for 1904, Triangulgiion in Cali-
forpia, Part I, by A. L. Baldwin, Computer. o o
Preliminary "Report, State Earthquake Investigation Commission, Berkeley, May 31, 1906.
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and a station on Mount Diablo, both on the eastern side of the fault and 53 kilometers
(33 miles) fromit. It also includes the Farallon Light-house on the west side of the fault
and 36 kilometers (22 miles) from it. There were, in al, 51 old triangulation stations
which were recovered and their new positions accurately determined by the new triangu-
lation. The stations had been marked upon the ground by stone monuments, by bolts
in rock, etc., or by permanent structures such as the Farallon Light-house, Point Reyes
Light-house, and the small dome of Lick Observatory, or were themselves permanent
marks; as, for example, Montara Mountain peak (a sharp peak).

This continuous scheme consists of a chain of primary triangulation comprizing the
eleven occupied stations, Mount Toro, Gavilan, Santa Cruz Azimuth Station, Loma Pri-
eta, Sierra Morena, Mocho, Mount Tamalpais, Point Reyes Hill, Tomales Bay, Sonoma
Mountain, and Ross Mountain; triangulation of the secondary grade of accuracy extend-
ing from the stations, Mount Tamalpais, Mount Diablo, Rocky Mound, and Red Hill, to
the Pulgas Base near the southern end of San Francisco Bay, and triangulation of a ter-
tiary grade of accuracy in three different localities; namely, in the vicinity of Colma,west
of San Francisco Bay, along Tomales Bay, and in thevicinity of Fort Ross, Sonoma
County.

The primary and secondary triangulation are shown on map No. 24, and the tertiary
triangulation on map No. 25. On these two maps the straight blue lines indicate lines
over which observations were taken in the new triangulation. The small red circlesindi-
cate stations marked upon the ground, of which the relative positions were fixt by the
triangulation. Observations were taken in both directions over each blue line which
is unbroken, thruout its length. Observations were taken in one direction, only, from
the solid end toward the broken end, over each blue line which is broken at one end.
A station from which no blue line is drawn unbroken was not occupied. The posi-
tion of such a station was determined by intersections from the occupied stations.

In addition to this continuous triangulation, a detached piece of new triangulation of
the secondary grade of accuracy, connecting old triangulation stations, was done in the
vicinity of Point Arena. (See map No. 25.) This makes the total number of old tri-
angulation stations which were recovered and redetermined 61.

In connection with the new triangulation, astronomic determinations of azimuth or
true direction were made by observations on Polaris at the stations Mount Tamal-
pais, Mocho, and Mount Toro.

Four different observers, each with his own complete outfit and party, were engaged
in the new work for an aggregate period of 35 months. The observers were al fied
officers of the Coast and Geodetic Survey, with previous experience in triangulation.

Mr. J. F. Pratt, Assistant, was in the field from August 4, 1906, to July 2, 1907, and
made the observations at the five primary stations, Ross Mountain, Sonoma Mountain,
Tomales Bay, Point Reyes Hill, and Mount Tamalpais.

Mr. W. B. Fairfield, Assistant, was in the field from August 11,1906, to May 29,1907.
He did nearly al of the Tomales Bay triangulation, made the observationsat the primary
stations, Mocho and Sierra Morena, and did a part of the secondary triangulation in the
vicinity of Pulgas Base.

Mr. C. H. Sinclair, Assistant, was in the field from July 14, 1906, to April 10, 1907.
He made the observations at the primary stations, Santa Cruz Azimuth Station, Loma
Prieta, Gavilan, and Mount Toro, and aso did a part of the secondary triangulation in
the vicinity of Pulgas Base.

Mr. Edwin Smith, Assistant, was in the field from July 12 to July 24,1906, engaged in
making the reconnaissance and other preparations for triangulation along Tomales Bay.
He was then caled away on other duty and Assistant Fairfield completed the Tomales
Bay triangulation. Between September 26, 1906, and February 26, 1907, Mr. Smith did
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the secondary triangulation in the vicinity of Point Arena and the tertiary triangulation
in the vicinity of Fort Ross and in the vicinity of Colma

These observers remained at their work continuously in spite of many delays and dis-
comforts due to fog, rain, snow, gales, and roads which were at times nearly or quite
impassable.  To them must be given the credit for overcoming the difficulties and secur-
ing the observations of the necessary high grade of accuracy.

THE OLD TRIANGULATION.

The dd triangulation fixing the positions of the points before the earthquake of April
18,1906, was done in many years, extending from 1851 to 1899, as a part of the regular
work of the Coast and Geodetic Survey and without reference to the possible future use of
this triangulation as a means of determining the movements of permanent character due
to earthquakes. During the earlier years certain parts of this old triangulation had
existed as detached triangulation not connected with other parts. Before 1906, however,
al parts of the old triangulation had been connected with each other by triangulation to
form one continuous scheme. It was also connected with other triangulation extending
to many parts of the United States, including many of the interior states, as well as the
Atlantic and Guif Coasts.

In connection with studies of the evidence as to the earth movements set forth in this
paper, it is important to note briefly the dates of the old triangulation which serves,
in connection with the new triangulation of 1906-1907, to determine changes in positions
of marked points on the earth's surface.

During the years 1854-1860 primary triangulation was carried from the stations, Rocky
Mound, Red Hill, and Mount Tamalpais, northward to Ross Mountain, thru a primary
scheme practically identical with that shown on map No. 24, except that the station
Bodega was occupied in this earlier triangulation, tho not in 1906-1907.

Tertiary triangulation, following substantially the scheme shown on map No. 25, was
aso done in 1856 to 1860, along Tomales Bay, starting with the line Tomales Bay-Bodega,
of the primary triangulation referred to in the preceding paragraph. In connection with
this work, the station Chaparral of the Fort Ross triangulation, shown on map No. 25,
was aso determined.

Primary triangulation was done during the years 1851 to 1854, connecting the group of
stations, Mount Diablo, Rocky Mound, Red Hill, with the Pulgas Base, the scheme being
somewhat different from that shown on map No. 24, but equally direct and strong.

During the years 1854-1855,1864,1866, primary triangulation was done connecting the
stations in the vicinity of Rocky Mound, referred to in the preceding paragraph, with
stations Gavilan, Santa Cruz, and Point Pinos Light-house around Monterey Bay.
This triangulation, for the greater part of its length, consists of a single chain of tri-
angles, afording, therefore, comparatively few checks upon the results.

This practicaly completes the statement of triangulation done before 1868 which is
concerned in the present investigation. The extent of the triangulation done between
1868 and 1906 is stated separately in the following paragraphs.

Northward of the line Mount Diablo-Mount Tamalpais, but one station of the primary
scheme, shown on map No. 24, was determined by primary triangulation in the inter-
val 1868-1906; namely, Ross Mountain. It was determined directly from the stations
Mount Tamalpais, Mount Diablo, andMount Helena of the transcontinental triangulation.1

During the years 1876-1887, primary triangulation was extended southward (by sub-
stantially the same scheme as that shown on map No. 24, except that station Gavilan
was omitted) from the line Mount Diablo-Mount Tamalpais to the line Mount Toro-

~ 'S The Transcontinental Triangulation, Specidl Publication No. 4, pp. 597-608.
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Santa Ana.  Some pointings were also taken on Gavilan, Point Pinos Light-house, and
other stations in this vicinity, but not from a sufficient number of stations to furnish
checked determinations independent of earlier determinations made before 1868.

Secondary triangulation near Point Arena, forming the western extremity of the trans-
continental triangulation, was done in the interval 1870-1892, the scheme being sub-
stantially the same as that shown on map No. 25, except that all stations were occupied.
The triangulation fixing the initial stations, Fisher and Cold Spring, has been published.

Tertiary triangulation in the vicinity of Fort Ross was done in 1875-1876, following a
scheme similar to that shown on map No. 25, and starting from the line Bodega Head-
Ross Mountain, as determined before 1868.

Tertiary triangulation was done during various years from 1851-1899, extending from
the vicinity of the Pulgas Base northward, spanning San Francisco Bay, to the Golden
Gate, and thence southward to the vicinity of Colma, including stations shown on sketch
No. 4 on map No. 25. The greater portion of this triangulation was done before 1868,
but it is impracticable to separate the computations into two parts dealing with triangu-
lation before and triangulation after 1868, respectively.

PERMANENT DISPLACEMENTS PRODUCED BY THE EARTHQUAKES OF 1868 AND 1906.

The fallowing tables, Nos. 1, 2, and 3, show the permanent displacements of various
points as caused by the earthquakes of 1868 and 1906. These permanent displacements
were determined by comparisons of the positions of identical points upon the earth's
surface as determined by triangulation done before and after the earthquakes in question.

While for the sake of brevity in statement these movements are referred to the earth-
guakes of 1868 and 1906, the evidence furnished by the triangulation simply indicates
the fact that the displacements in question took place sometime during the two blank
intervals within which there was no triangulation done fixing the points in question;
namely, the interval 1866-1874, including the 1868 earthquake, and the interval 1892 to
July, 1906, including the 1906 earthquake. Neither does the triangulation furnish any
evidence indicating whether the displacements took place gradually, extending over
many months and possibly years, or whether they took place suddenly. The evidence
connecting the displacements of 1906 with the particular earthquake and indicating that
they were sudden comes from other sources and will be commented upon later in this
report.

The permanent displacements indicated in tables 1, 2, and 3, must be carefully dis-
tinguished from the vibrations of a more or less elastic character which take place during
earthquakes. These vibrations die down in a few seconds, minutes, or hours. While
they are in progress, a given point on the earth's surface is in continuous motion along a
more or less complicated path which turns upon itself and leaves the point, at the end of
the vibration, near the initial position. The displacements indicated in tables 1, 2, and
3, on the other hand, remain for years, possibly for centuries. They are of a permanent
character. The displaced point remains in the new position until another displacement
occurs in some later earthquake, or possibly by dow rdief of strain accompanied by a
cregping motion which causes a now permanent displacement. In tables |y 2, and 3, the
first column gives the name of the station by which it may aso be identified on map 24
or on map 25, or both. The second column gives its latitude at the time indicated in the
heading. The third column gives the seconds, only, of the new latitude at the later time
indicated in the heading. The fourth and fifth columns have the same significance with
reference to the longitude that the second and third have with reference to the latitude
of each point. The sixth column gives the north and south component of the displaee-

' See The Transcontinental Triangulation, Specid Publication No. 4, pp. 597-010,



Table 1.— Displacements of 1906.

SOUTHWARD EASTWARD | DIRECTION DEGREE OF
STATION AT s (hoer | TN T | MOSah O | ComPONENT OF | COMPONENT OF Dﬁ%@. DISPLACEMENT | | FAULT |~ | CERTAINTY
GROUP 1. Meters Meters Meters Feet | Km. Miles 'iDir.
Rocky Mound 37> 52' 57.253"| 57.262"| 122° 14' 30.507"! 30.515" -0.28 -0.20 145° 0.34 11132 20 E |Doubtful.
Red Hill. 37 33 04.730 | 04.738 | 122 05 40.982 | 40.975 -0.25 + 0.17 215 0.30 10 |19 12 E Do.
Sierra Morena . . 37 24 38.266 | 38.305 | 122 18 28.006 28.054 - 120 -1.18 136 1.68 55 43 27 Certain.
Mount Tamalpais . . 37 55 27507 1 27.492 { 122 35 45242 45.228 + 0.46 +0.34 324 0.58 19 6.4 4.0 Do.
Farallon Lighthouse . 37 41 58.2501% 58.277 | 123 00 03.605; 03.669 -0.83 -1.57 118 1.78 58 |37 23 W Do.
Pt. Revest Light-house j 37 59 45.458 1 45572t 123 01 20.577 20.618 -0.43 - 1.00 113 1.09 36 | 19 12 W |Doubtful.
Point Reyes Hill 138 04 48 |...... 122 52 01 PP (_2.96) (- 2.25) (143) (3720 (122)§ 27 11 W Irégﬁgjeﬁ,
Tornales Bay 38 10 55  j...... 122 56 47 | ...... (3.06 - 2.413 5142; 3,89 (12.8; 21 13 W| Do,
Bodega . . 38 18 24 ee... | 123 00 04} ..., + 1-1 +0.89 (323) 14 (4.8)] 2.0 12 E lInferred,
reasonably
] certain.
Ross Mountain . 38 30 20.583} 20.572 ¢ 123 07 09.221 i 09.204 + 034 + 0.41 309 0.53 18 7.0 4.3 E |Doubtful.
GROUP 3.
Black Ridge 2 . . .1 37 44 54214} 54.207{ 122 27 59.502 59.505 +0.22 -0.07 19 0.23 0.7 7.0 4.3 E | Doubtful.!
Bonita Pt. Light-house | 37 48 57.447 | 57.363 | 122 31 43.569 | 43.554 + 2590 + 037 352 2.62 8.6 6.0 37 E Do.
San Bruno Mountain . | 37 41 16.130 | 161291 122 26 05.344 | 05.334 +0.03 + 024 277 0.25 0.8 51 32 E Do.
Black BIuff 37 43 10158 10.1491 122 30 12.684 | 12672 + 0.28 +0.29 313 0.40 13| 25 16 E Do.
Road . . 37 37 57595 | 57.665 ¢ 122 28 28512 28.559 -2.16 -1.15 152 2.45 8.0 15 09 W Do.
Flaa . . . . 37 36 51991} 52.060 [ 122 27 35.197 i 35.236 -2.13 -0.96 156 2.33 7.7 15 09 W Do.
False Cattle Hill 2 . 37 36 50.401 | 50.460 | 122 29 40.926 { 40.967 - 182 - 101 151 2.08 68| 41 25 W Do.
Montara Mountain Pk. | 37 33 42506 | 425491 122 28 36.940 ! 36.904 - 133 + 0.88 214 159 5.2 6.1 38 W Do.
San Pedro Rock 37 35 44158 44239 | 122 31 22422 22.441 -2.50 -0.47 169 2.54 83| 74 46 W Do.
GROUP 4.
Bodega Head 38 18 29 i...... 123 03 45 | ...... (— 3.56) (- 0.52) (172) } (3.60) (11.8)] 22 14 W Infertred,
certain.
Tomales Point . 38 12 46 | ...... 122 58 14 { ...... - 281 (- 2.24) 141 359) (11.8)|] 2.0 12w Do.
Foster. 38 08 13 | ...... 122 54 23 | ...... - 361 - 2.83 142 4.59) (15.1 19 12 W Do.
Smith 38 14 52 |...... 122 5 Q9 | ...... + 1.46 + 0.80 331 1.66 54)y 26 16 E Do.
Mershon 38 10 55  j...... 122 54 06 | ...... + 1.90 + 04, 348 £1.953 64) 11 07 E Do.
Hans 38 07 58 122 52 02 | ...... + 1.9 - 0 (7) 1.95 64)1 05 03E Ir&fergte?,,l
ou ul.
Hammond 38 04 45 | .,..., 122 48 35 § ...... (+ 179 (-1.42) (38) | (228 (75| 12 o7 E Do.
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Table 2—Permanent Displacements in 1868.
[ | LATITUDE LoNGITUDB:} SOUTHWARD EASTWARD | DIRECTION .
STATION- | LATITUDE BEFORE [ Aroe | ONGITUDE BEFORE AEGEE S?SI\QE%E’R‘ATE o S%’A}E%Em S$ oI SP?_’i\CE_ Di’gg"SAUCNgM(EFNT DEGREE OF CERTAINTY
o ! 1868 | 1899 MENT
; L
Groue L [ Mdas Meters Meters  Feet
Rocky Mound . 1 87% 52 57.237"| 57.253"| 122% 14" 30.510"( 30.507* -0.49 + 007 188° 0.50 16 {Doubtful.
Red Hill .. .37 3304.717}1 04730 122 05 41.003| 40.982 -0.40 + 052 232 0.65 21 Do.
Mount Tamalpais . .37 55 27.455} 27.507 { 122 35 45228 | 45.242 - 1.60 -0.34 168 164 54 |Certan.
Farallon Light-house. ;37 41 58.210[ 58.250 | 123 00 03.5791 03.605 -1.23 -0.64 153 139 4.6 Do. )
Point Reyes Hill .38 04 48.325]......|122 52 00801 ( ....., (- 151 E— 0.31; 168 154 5.0) |Inferred, certain.
Tomales Bay 138 10 55.456 122 56 46.733| ...... {- 156 - 022 172 157 5.2 Do. )
Bodega co. . .38 18 23,680 ...... 123 00 03.726 ...... (- 162 (- 011) 176 1.62 5.3) |Inferred.reasonably certain.
Ross Mountain . .38 30 20.528[ 20583 | 123 07 09.223 | (09.221 -1.70 . 0'05 182 170 5.6 {Reasonably certain.
GROUP 4.
Bodega Head 38 18 29.2494.....,| 123 03 45417( ...... -1-62 -0.11 176 1.62 5.3) jInferred, certain;
Tomales Point 38 12 45.732 ... | 122 58 144491 ...... -1.5 - 0.1 ; 173 1,58 52 Do.
Foster 38 08 13.410( ...... 122 54 23271\ ...... -1 - 0.26, 170 1.56 51 Do.
Smith 38 14 51.518 ..... . 1122 56 08.865{ ...... - 158 -0.17 174 1.59 5.2 Dot
Mershon . 38 10 55.295| ...... 122 54 06.016§ ...... - 156 -0 172 15 5.2 Do.
Hans 38 07 58.492 ...... 122 52 02,0721 ...... -154 - 0.28 170 1-5 5.2) |[Inferred, doubtful.
Hammond 38 04 45.046! ...... 122 48 34.993 . - 1-51° - 031 168 154 51 Do.
GROUP 5. _
Chaparral . 38 29 33.905| 33.964 { 123 10 56.207 | 56.216 -1.82 -0.22 173 183 6.0 |Reasonably certain.
GROUP 7.
Loma Prieta |137 06 121 50 36.521| 36.423 + 1.82 +242 307 3.03 9.9 [Certain.

40.971 ! 40.912
|
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Table 3.—Combined Displacements of 1868 and 1906.

i ) SOUTHWARD EASTWARD | DIRECTION | )
STATION LATITU?§68BEFORE L%O%E LONGITU]I-DS%BBEFORE LOll\&Gg’bJ?E g?éﬁ%’&ﬂﬁ? S?S'\f:ﬁNCESIE ’\(‘)_? DIS'\l/:l’EE)E_(rIE— D'IA‘S'\SI(_)KE}‘I-EI—M(EET RELFAATLlJE’I’\'I TO I%Eg_}?EFN 'IQYF
GROUP 1. _ Meters Meters Meters Feet | Km. Miles Dir.
Rooky Mound . 37° 52' 57.237", 57.262" 122° 14' 30.510"| 30.515" -0.77 - 012 171° 078 26|32 20 E | Doubtful.
Red Hill . . .. . 33 04717 | 04.738 122 05 41.003| 40.975 -0.65 + 0.69 227 094 311! 19 ]% Certain,
Mount TamalpaLs . . ?33 55 27455 27.492 | 122 35 45.228| 45.228 - 114 0.00 180 114 37 64 40 E Do.
Farallon Light-house . | 37 41 58.210| 58277} 123 00 03.579 | 03.669 -2.07 -2.20 133 302 99137 23 W Do.
Point Reyes Hill 38 04 48.325} 48470} 122 52 00.801| 00.906 -4.47 -2.56 150 515 169 27 17 W Do.
Tomales Bay 38 10 55.456! 55.606| 122 56 46.733| 46.841 -4.62 -2.63 150 532 1751 21 13 W Do.
Bodega . 38 18 23.680| 23.695| 123 00 03.726 | 03.694 -0.46 + 0.78 239 090 30| 20 12 E | Reasonably
certain
Ross Mountain . 38 30 20.528 | 20572 | 123 07 09.223 ) 09.204 - 136 + 046 199 143 47| 70 43 E Do.
Sonoma Mountain . 38 19 24539 | 24579 | 122 34 27.894| 27.891 - 123 + 007 183 124 40]34 21 E|certain
GROUP 2.
Pulgas E. Base . 37 28 36.265| 36.258 | 122 08 08.143| 08.129 4-0.22 + 0.34 302 041 131 12 7 E | Doubtful.
Guano Island . 37 34 23655 23.6491 122 15 43.475| 43479 + 018 -0.10 28 021 07] 10 6 E Do.
Pulgas W. Base 37 28 48787 48.764| 122 15 15.681| 15.673 + 0.71 + 020 344 074 24} 35 22 Reasonably
certain.
GROUP 4.
Bodega Head . 38 18 29.249 | 29.417 | 123 03 45.417 | 45.443 - 518 -0.63 173 522 171{( 22 14 W| Certain.
Tomales Point . 38 12 45732 | 45.874 | 122 58 14.449| 14,549 -4.38 -2.43 151 501 164] 20 12 W Do.
Foster. . . . 38 08 13.410] 135771 122 54 23.271| 23.398 -5.15 -3.09 149 6.0l 197 19 12 W Do.
Smith . .. . . . 38 14 51518 515221 122 s 08.865| 08.839 —012 + 0.63 259 064 21| 26 16E Do.
Meson . ... ... 38 10 55.295} 55.284 | 122 54 06.016 | 06.008 + 0.34 + 0.20 330 039 13 11 07 E Do.
Hans .. . . . . 38 07 58.492: 58479 | 122 52 o02.072) 02.093 + 040 - 051 52 065 21 05 0.3 E | Doubtful.
Hammond 38 04 45.046} 45.037 | 122 48 34.993| 35.064 + 0.28 - 173 81 175 57 12 07 E Do.
GROUP 5.
Chaparral 38 29 33905, 33.927} 123 10 56.207} 56.187 -0.68 + 048 216 083 27 16 10 E | Doubtful.
GROUP 7.
Black Mountain 37 19 09.810§ 09.761 | 122 08 49.462 | 49.402 + 151 + 148 316 211 69 14 09 E [ Certain.
Lorna Prieta . . 37 06 40.971] 40.895; 121 50 36.521| 36.390 + 234 + 323 306 399 131| 48 30 E Do.
Santa Cruz Az. Sta. 36 58 42.106) 42.027 | 122 03 18.728| 18.702 + 244 + 064 345 252 83|19 12 W Do.
Javilan .. ... . .36 45 21.068] 20.961| 121 31 11504} 11.341 + 330 + 404 309 522 1711} 64 40 W Do.
. Pinos Light-house | 36 38 01.5511{ 01.399 | 121 55 58.939| 58.795 + 4.68 + 358 323 580 193,39 24 W Do.
Point Pinos Lat. Sta.. | 36 37 59.413] 59.279 | 121 55 31.685| 31.578 + 413 + 266 327 491 16il 139 24 W Do.
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122 REPORT OF THE CALIFORNIA EARTHQUAKE COMMISSON.

ment along a meridian. A plus sign in this column means that the point moved toward
the south. The seventh column shows the east and west component of the motion.
A plus sign in this column means that the point moved toward the east. The sixth and
seventh columns were computed by converting the changes in latitude and longitude,
respectively, into meters.

By combining the values given in columns 6 and 7, the direction and amount of the
displacement were obtained as shown in columns 8, 9, and 10. In column 8 the direc-
tion of displacement is given, reckoned as geodetic azimuths are usually reckoned, clock-
wise around the whole circumference from south as zero. In this reckoning, west is 90°,
north, 180°, and east, 270°. Column 9 gives the amount of displacement in meters
and column 10 givesitinfeet. Column 11 shows the approximate distance of the point
from the fault of 1906, measured approximately at right angles to the fault. In this
column E indicates that the point is to the east of the fault and W that it is to the west.

For example: The fifth line of table 1 indicates that during the earthquake of 1906 the
Farallon Light-house moved 0.83 meter north and 157 meters west, or, in other words,
moved 1.78 meters (5.8 feet) in azimuth 118°, or 62° west of north, and that it is 37
kilometers (23 miles) from the fault of 1906 and to the west of it.

In the heading, the expresson "Before 1868" refers to years within the interval
1851-1866. The expression "After 1868" refers to years within the interval 1874-1891,
and "1906-1907" refers to dates within the interval July, 1906-July, 1907.

The latitudes and longitudes given in tables are all computed upon the U. S. Standard
Datum and differ somewhat from those now in use on the charts and maps of this region.
They are, however, the latitudes and longitudes to which all charts and maps should ulti-
mately conform.

Table 1 shows the displacements which occurred on April 18, 1906; table 2 shows the
displacements which occurred in 1868, and table 3 shows the total, or combined displace-
ments in both 1868 and 1906.

For some cases, as, for example, Point Reyes Hill, the separate displacements were not
directly determined by the triangulation but only the combined displacements. In such
cases, if probable vaues could be derived for the separate displacements, indirectly, by
inference from surrounding points, they were so derived and placed in the table. In each
case, such inferred displacements are clearly distinguished in the table from others which
were determined directly by measurement, by leaving the third and fifth columns blank
and by having the values in the sixth to tenth columns enclosed in parentheses.

All of the displacements given in tables 1-3 are computed upon the assumption that the
two stations, Mount Diablo and Mocho, remained unmoved during the earthquake of
April 18,1906. The reasons why this assumption is believed to be true will be set forth
fully in alater part of this report.

In the tables the points are separated into seven groups for convenience of discussion.
Each group of pointsis fixt by a portion of the triangulation which may conveniently be
considered asa unit in discussing the magnitude of the possible errors of the triangulation.
The discussion of the observed displacements and the degreeof certainty in regard to them
is given after the tables and deals with each group in succession.

The apparent displacements, as shown in the above tables, are of course in part due to
the unavoidable errorsin the triangulation and in part are doubtless actual displacements
of the points. The triangulation furnishes within itself the means of estimating its
accuracy. If the observations were absolutely exact, the sum of the observed angles of
each triangle would be exactly 180° plus the spherical excess of that triangle, and more-
over the computation of the length of the triangle sides would show no discrepancies,
starting from a given line and ending on a selected line, but proceeding thru the various
alternative sets of triangles which it is possible to select connecting said lines. In any
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actual case, neither of these ideal conditions is found. Each triangle has a closing error,
and the lengths computed along different paths thru the triangulation show discrepancies.
These closing errors and discrepancies are a measure of the accuracy of the triangulation.

The triangulation, both old and new, was adjusted by the method of least squares.
This method of computation, as applied to triangulation, takes into account simul-
taneoudly dl the observed facts in connection with a group of triangulation stations and
aso al the known theoretical conditions connecting the observed facts; such, for example,
as those mentioned in the preceding paragraph, in regard to closures of triangles and dis-
crepancies in length. It is the most perfect method of computation known. Theresults
of the computation are a set of lengths and azimuths (true directions) of lines joining the
triangulation stations and of latitudes and longitudes defining the relative positions of
the stations which are perfectly consistent; that is, contain no contradictions one with
another and are the most probable values which can be derived from the observations.
In such a computation, the measures of the accuracy of the computed results appear in
the form of corrections to observed directions from station to station, which it is necessary
to apply in order to obtain the most probable results given by the computation. The
greater the accuracy of the observations the smaller are the corrections to directions.

In the problem in hand, in which, at least for some points, the observed apparent dis-
placement is of about the same magnitude as the possible error in the apparent displace-
ment due to accumulated errors of observation, it is necessary to make a careful estimate
of the errors of observation and of the uncertainties of the computed displacements.
This has been done and the estimates are given in general terms in the following text and
are indicated in the last column of the tables. These estimates will help the reader to
avoid drawing conclusions in detail not warranted by the facts.

Group 1. Northern part of primary tfiangulation.—In thisgroup, as shown by tables 1-3
(see dso map 24). there are 11 points of which the positions were redetermined after the
earthquake of April 18, 1906. Of these, 9 had been determined before 1868 and 7
between 1868 and 1906.

There is about 1 chance in 3 that each of the two apparent displacements of Rocky
Mound, 0.50meter (1.6 feet), in 1868 (table 2), and 0.34meter (1.1 feet), in 1906 (table 1),
is smply the result of errors of observation. Similarly there is about 1 chancein 3 that
the apparent displacement of Red Hill in 1868, 0.65 meter (2.1 feet), is the result of
errors of observation. The chances are about even for and against the apparent dis-
placement of Red Hill in 1906, 0.30 meter (1.0 foot), being smply the result of errors of
observation. The effect of errors of observation upon the apparent displacements are
larger at these two points than they otherwise would be on account of the difficulty in
this vicinity of separating the triangulation into two complete schemes, one before 1868
and one &fter that date, each strong and complete.

According to the evidence furnished by the triangulation, the apparent displacement
of Ross Mountain in 1906, 0.53 meter (1.8 feet) in azimuth 309° (51° E. of S.), is prob-
ably the result of errors of observation. This apparent displacement as computed depends
on the accumulated errors of the two triangulations from Mount Diablo to Ross Mountain,
a distance of 130 kilometers (81 miles). The apparent displacement of 0.53 meter almost
directly toward Mount Diablo corresponds to a shortening on the line Ross Mountain-
Mount Diablo by 1 part in 250,000, too small a change to be detected with certainty
by the triangulation.

On the other hand, there is about 1 chance in 15 that the apparent displacement of
Ross Mountain in 1868, 170 meters (5.6 feet), is due to errors of observation. It is
reasonably certain that this is a rea displacement.

The chances are about even for and against the apparent displacement of Point Reyes
Light-house in 1906, 1.09 meters (3.6 feet), being due smply to errors of observation.
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There is about 1 chance in 7 that the apparent displacement of Bodega, shown in table
3, isdueto errors of observation. It isreasonably certain that thisis areal displacement.

For the remaining six points in group 1, Sierra Morena, Mount Tamalpais, Farallon
Light-house, Point Reyes Hill, Tomales Bay, and Sonoma Mountain, each of the appar-
ent displacements given in the tables as observed is real, being in each case clearly
beyond the maximum which could be accounted for as errors of observation.

Prof. George Davidson has believed for many years that Mount Tamalpais moved dur-
ing the earthquake of 1868 and that the triangulations made before and after that date
showed such a displacement.  Accordingly in 1905, at his request, a reéxamination was
made at the Coast and Geodetic Survey dffice of the evidence furnished by the trianguia-
tions, and the concluson was reached that a real displacement of Mount Tamalpais
occurred in 1868. At that time, however, convincing evidence was not discovered that
any other triangulation station moved in 1868. In the more extensive studies made in
connection with the present investigation, and with the additional skill acquired in
recognizing the effects of earthquakes upon triangulation, it became evident, as shown
in table 2, not only that Mount Tamalpais moved in 1868, but aso that the Farallon
Light-house and Ross Mountain moved at that time, the three apparent displacements
being clearly beyond the range of possible errors of triangulation. The displacements
for these three stations are similar. The amount of the displacement is least at Faral-
lon Light-house, 139 meters (4.6 feet), and greatest at Ross Mountain, 1.70 meters
(5.6 feet). The azimuth of the displacement is least at the Farallon Light-house, 153°
(27° W. of N.), and is greatest at Ross Mountain, 182° (2° E. of N.). (Seemap 24.) The
apparent differences in direction and amount of the three displacements may or may
not bereal. It is certain therefore that in 1868 the large part of the earth's surface
included between these three stations, at least 700 square miles, moved about 15 meters
(4.9 feet), in about azimuth 168° (12° W. of N.).

Withinthetriangle defined by thethree stations, Mount Tamalpais, Farallon Light-house,
and Ross Mountain, which certainly were displaced in 1868, are the three stations, Point
ReyesHill, Tomales Bay, and Bodega, of group 1. It istherefore believed to be reasonably
certain that these stations were displaced at that time.  The probable displacements were
interpolated from the three displacements observed at the first three stations, taking into
account the relative positions of the stations. The resulting interpolated displacements
are shown intable 2. Other evidence, tending to show that these interpolated: values of
the displacements are real, will be brought forward later.

For the three stations, Point Reyes Hill, Tomales Bay, and Bodega, the positions were
determined before 1868 and after the earthquake of 1906, but not durfng the interval
1868-1906; hence the computation of the positions determined by triangulation for these
stations furnishes simply the combined displacements of 1868 and 1906 as shown in table-
3. Asrioted in the preceding paragraph, the displacement of 1868 has, for these three
stations, been interpolated from surrounding stations and entered in table 2. The
differences between these inferred displacements in table 2 and the observed combined
displacements in table 3 were then taken and are shown in table 1, as inferred displace-
ments in 1906. As indicated in the marked column of table 1, these inferred displace-
ments are believed to be certain for two of these points and somewhat doubtful for the
third, Bodega.

The doubtful apparent displacements at Rocky Mound and Red Hill in 1868 (see table
2) agree with other displacements which are certain, in having a decided northward
component.

In table 1, showing the displacements of 1906, there are three stations, Sierra Morena,
Mount Tamalpais, and Farallon Light-house, at which observed displacement is certain,

I The differences were teken separatel}- fur the meridian components and the prime vertical com
ponents and then combined to secure the direction and amount of the resultant.
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and two others. Point Reyes Hill and Tomales Bay, in group 1, at which the displacement
inferred from indirect evidence is considered certain. Of these five stations, the four
which are to the westward of the fault of 1906 moved northwestward and the one which
is to the eastward of the fault, Mount Tamalpais, moved southeastward (see map 24).
The displacements of four of the five points were nearly parallel, their azimuths being
for Sierra Morena, Point Reyes Hill, and Tomales Bay, 136°, 143°, and 142° respectively,
with amean of 140° (40° W. of N.), whilethat of Mount Tamal paiswas 324° (36° E. of S.).
The azimuth of the displacement at the fifth, Farallon Light-house, is 118° (62° W. of N.)
at an angle of about 22° with the other four. The portion of the fault near these points
has an azimuth of about 145° (35° W. of N.), hence the displacement of four of the five
points was practically parallel to the fault, the departure being in each case within the
range of possible error of the determination of the displacement. For the four points
to the westward of the fault, the amounts of the displacement are in the inverse order of
their distances from the fault, with the exception of Sierra Morena. For Tomales Bay,
which is only 2.1 kilometers (1.3 miles) from the fault, the displacement is greatest, 3.89
meters (12.8 feet), and for the Farallon Light-house, which is 37kilometers (23 miles)
from the fault, the displacement is much less, 1.78 meters (5.8 feet).

From these five stations, one may deduce four laws governing the distribution of the
earth movement which occurred on April 18,1906. First, points on oppositesides of the
fault moved in opposite directions, those to the eastward of the fault in a southerly direc-
tion and those to the westward in a northerly direction.  Second, the displacements of all
points were approximately parallel to the fault. Third, the displacements on each side
of the fault were less, the greater the distance of the displaced points from the fault.
Fourth, for points on opposite sides of the fault and the same distance from it, those
on the western side were displaced on an average about twice as much as those on the
eastern side.

If the proof of these four deduced laws rested upon the evidence of these five stations
only, it would be insufficient to convince one.  Much other evidence in proof of these four
deduced laws will be shown in thisreport. The laws are here stated in order that they
may be kept in mind and tested by the evidence as presented.

The apparent displacements of the remaining five points of group 1 may now be com-
pared with the stated laws.

The displacement of Point Reyes Light-house, believed to be determined with reasonable
certainty, is apparently about 16 meters (5 feet) greater than and differs about 32°in
direction from the displacement which might be inferred from the above laws and com-
parison with the surrounding stations.

The displacement of Bodega, of which the determination is somewhat doubtful, is just
what would be inferred from the deduced laws, as its amount is greater than for Mount
Tamalpais, corresponding to the fact that it is closer to the fault, and its azimuth agrees
within 2° with that of the fault.

The displacement of Ross Mountain, of which the determination is doubtful, agrees
very closdy in amount with that at Mount Tamalpais and differs only 15° in direction.
Ross-Mountain is on the same side of the fault as Mount Tamalpais and at practically
the same distance from it.

The apparent displacements of Rocky Mound and Red Hill, 32 and 19 kilometers
(20 and 12 miles) from the fault and to the eastward of it, of which the determinations are
doubtful, agree with the laws in being small but are contradictory as to direction.

For SonomaM ountain the triangulation serves to determine the combined displacements
of 1868 and 1906 as shown in table 3, but not the separate displacements, as this station
was not involved in triangulation done between 1868 and 1906. The combined displace-
ments at Sonoma Mountain are of about the same amount and are in approximately the
same azimuth as displacements of 1868 at Mount Tamalpais, Point Reyes Hill, Tomales



126 REPORT OF THE CALIFORNIA EARTHQUAKE COMMISSON.

Bay, Bodega, and Ross Mountain (see table 2). Some of the internal evidence of com-
putations of triangulation indicate that Sonoma Mountain moved in 1868. According
to the generd laws of distribution of the earth movement of 1906 as derived from other
stations Sonoma Mountain did not move much, if any, being far to the eastward of
the fault, 34 kilometers (21 miles). For these three reasons it is believed to be prob-
able that the whole displacement of Sonoma Mountain, 124 meters (4.0 feet), in azimuth
183° (3° E. of N.), which certainly took place sometime between 1860 and July, 1906,
al occurred in 1868.

Group 2. Southern end of San Francisco Bay. — In this group there are three new
points not yet considered and Red Hill which has already been considered in group 1.
The three new stations, Guano Island, Pulgas East Base, and Pulgas West Base (see
map 24), were determined in 1851-1854 and again after the earthquake of 1906. No
determination was made between 1868 and 1906, hence these points are entered in table 3,
the combined displacements of 1868 and 1906 being determined, but not the separate
displacements.

A study of the errors of the triangulation shows that the apparent displacement of
Guano Idand, 0.21 meter (0.7 foot), is probably due to errors of observation, and that
there is one chance in three that the apparent displacement of Pulgas East Base, 0.41
meter (1.3 feet), is dso due to errors of observation.

The determination of the displacement of Pulgas West Base, 0.74 meter (2.4 feet), is
reasonably certain, there being about one chance in twelve that it is due to errors of
observation.

Tho the determinations of the separate apparent displacements of Red Hill in 1868,
0.65 meter (2.1 feet), and in 1906, 0.30 meter (1.0 foot), are each doubtful, the combined
displacement as observed, shown in table 3, 0.94 meter (3.1 feet), is certain.

It is therefore reasonably certain that there was arelative displacement of Pulgas West
Base and Red Hill as indicated in table 3, Red Hill moving 0.94 meter (3.1 feet), in azi-
muth 227° (47° E. of N.), and Pulgas West Base 0.74 meter (2.4 feet), in azimuth 344°
(16° E. of S). This lengthened the line Pulgas West Base to Red Hill, 16 kilometers
(20 miles) long, 0.50 meter (1.6 feet), or one part in 32,000. It aso changed the azimuth
of this line by 11", from 240° 44' 35" to 240° 44' 24", rotating it in a counterclockwise
direction.

The red arrows on map 24, showing apparent displacements, indicate that the apparent
displacements of Guano Island and Pulgas East Base, which are considered doubtful,
are not inconsistent with the displacements of Red Hill and Pulgas West Base. Appar-
ently the area included between these four stations was distorted by stretching and
rotated in a counterclockwise direction.

There is no evident method of ascertaining whether the displacement of Pulgas West
Base took place in 1868 or 1906 or in part at each time. The displacement isnearly in
the direction corresponding to the laws governing the displacements of 1906, as already
stated in connection with group 1. Pulgas West Base is to the eastward of the fault of
1906 and dightly nearer to it than Mount Tamalpais and Ross Mountain and hence,
according to the laws referred to, should be displaced in the same direction as these two
points (see table 1), and by a similar amount. This is the fact.

Group 3. Vicinity of Colma. — There are nine points in group 3 al determined by
triangulation in 1899 or earlier, and redetermined after the earthquake of 1906 (see table
1). The ealier determination was made by secondary and tertiary triangulation, ex-
tending from the vicinity of Pulgas Base northwest, spanning San FranciscoBay to the
Golden Gate, and thence southward to Colma.  The earlier positions of these nine points
are subject to the efect of accumulated errors in this chain of triangulation about 60
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kilometers (40 miles) long. They are subject, therefore, to an error of position common to
them all, which may be as great as 7 meters (23 feet). With the exception of Montara
Mountain Peak and Bonita Point Light-house these points are all within 13 kilometers
(8 miles) of San Bruno Mountain and therefore their relative positions were determined
with considerable accuracy. '

In the triangulation of 1906-1907, the position of San Bruno Mountain, which is in the
midst of this group, was determined by secondary triangulation in connection with group
2 as indicated on maps 24 and 25, a direct and strong determination. The new azimuth
was dso carried into the triangulation of group 3 with a high degree of accuracy in this
same manner. No new determination was made of the starting length in group 3. It
was assumed that the length San Bruno Mountain to Black Ridge 2 had remained un-
changed during the earthquake of 1906 and the old value of that length was used in the
computation of the triangulation of 1906-1907. As a check upon the assumption that
this length remained unchanged, it is to be noted that the azimuths of this line before
and after the earthquake of 1906 were found to differ only by 9.3", which is within the
possible range of errors of observation in the earlier triangulation.

For the reasons stated above, the apparent absolute displacements shown in table 1
for group 3, as referred to Mocho and Mount Diablo as fixt points, are probably due
to errors of observation.

On account, however, of the fact that seven of the nine points in this group are within
a rather small area, their relative displacements are determined with considerable ac-
curacy, the errors of length and azimuth having less efect in producing errors in relative
positions, the smaler the area covered by a triangulation. Montara Mountain Peak and
Bonita Point Light-house are each determined with a low grade of accuracy. They are
each far from the stations occupied in the triangulation and the lines which determine
them intersect at a small angle; hence even their relative displacements are uncertain.
The relative displacements observed for the remaining seven points after omitting these
two are certain, being beyond the possible range of errors of observation.

The apparent absolute displacements for this group of points (see table 1 and map 25)
indicate that al points on the eastern side of the fault moved in a southerly direction,
and those on the western side in a northerly direction; that the displacements tend to be
parald to the fault, the more doubtful displacements showing the greater angles with the
fault; and that the amounts of the displacement are in the inverse order of the distances
of the stations from the fault, with two exceptions. These exceptions are San Pedro
Rock, of which the relative displacement is determined with sufficient accuracy to establish
this as a real exception; and Bonita Point Light-house, for which the apparent displace-
ment as observed is so uncertain that this apparent exception has but little significance.
Of the four points, al on the western side of the fault, of which the relative displacements
are believed to be certain, as indicated in table 1, the azimuths of the displacements vary
from 151° to 169°, with amean of 157° (23° W. of N.). The azimuth of the fault in this
vicinity is 144° (36° W. of N.).

The relative displacements on opposite sides of the fault and near to it are less in this
group (2 to 3 meters) than for points at a similar distance from the fault in group 1;
namely, Point Reyes Hill, Tomales Bay, and Bodega (5 to 6 meters).

Group 4. Tomales Bay. — There are seven points in this group (seetables 1 to 3 and
maps 24 and 25). These were fixt in 18561860 by tertiary triangulation extending
southeastward along Tomales Bay from stations Tomaes Bay and Bodega of group 1.
They were fixt again in practically the same manner in 1906 after the earthquake.

With these seven points may advantageously be considered the three points, Point
Reyes Hill, Tomaes Bay, and Bodega, which were fixt in group 1.



128 REPORT OF THE CALIFORNIA EARTHQUAKE COMMISSON.

No one of these ten points was determined between 1868 and 1906, hence the observa-
trons served to determine the combined displacements of 1868 and 1906, as shown In
table 3, but not the separate displacements. The separate displacements have been de-
termined by interpolation from surrounding stations for the three points, Point Reyes
Hill Tomales Bay, and Bodega, as indicated in the discussion of group 1. The same
process has dso been applied to the seven points of group 4.

Starting with, the interpolated dlsplacements of 1868 for the three points, Point Reyes
Hill, Tomales Bay, and Bodega, as shown in table 2, and with map 25 before one, it was a
smple matter to interpolate separately the meridian components and the prime vertical
components of the displacements of 1868 for the seven stations of group 4. This amounts
practically to interpolating the displacements for these points from the three observed
displacements of 1868 at Mount Tamalpais, Farallon Light-house, and Ross Mountain.
The resulting interpolated displacements of 1868 are shown in table 2. Each of these
bein™ subtracted, component by component, from the corresponding combined displace-
ment of 1868 and 1906, as shown in table 3, leaves the displacement of 1906 as shown
in table 1.

A study of the possible accumulated errors in the triangulations shows that all of the
seven displacements of 1906 in group 2 are certain except for Hans and Hammond.
There is about one chance in five that the apparent-displacements of 1906 for these two
points are simply due to errors of observation.

The ten displacements of 1906 in this group show clearly the four laws already sug-
gested in regard to such displacements. All points to the eastward of the fault moved
southerly and those of the western side, northerly. .Four of the five points to the west-
ward of the fault moved in azimuths between 141° and 143° with a mean of 142° (38° W
of N.). The azimuth of this part of the fault is about 145° (35° W. of N.). The azi-
muth of the fifth displacement on the west side, at Bodega Head, is 172° (8° W. of N.).
The azimuths of the three reasonably certain displacements of points to the eastward of
the fault vary from 323° to 348° with a mean of 334° (26° E. of S.), which iswithin 9° of
being parallel to the fault. Of thefive points to the westward of the fault, the one nearest
to the fault, Foster, has the greatest displacement. The other four, all between 2.0
and 2.7 kilometers from the fault, have nearly equal displacements. The five displace-
ments for points to the eastward of the fault show a slight tendency to stand in inverse
order from the distances from the fault. But one only of these displacements differs by
more than 042 meter (1.4 feet) from the mean of the five, and the estimated distances
from the fault vary only from 0.5 to 2.6 kilometers. When the uncertainty of the posi-
tion of the fault beneath Tomales Bay is considered, as well as the small variation
in distance of these ten points from the fault, difficulties are to be expected in
detecting the relation between displacement and distance from the fault in this group.
The mean displacement of the points to the eastward of the fault is 1.86 meters
(6.1 feet) and of the five points to the westward 2.1 times as much, namely, 3.88 meters
(12.7 feet).

Group 5. Vicinity of Fort Ross—There are twelve points in this group, all de-
termined by secondary triangulation in 1875-1876 and again in 1906, the scheme of
triangulation being in each case substantially the same as that shown on map 25. The
base from which these positions are determined is not independent of observations made
before 1808, but is gotten by making the observations preceding that date conform to
those made between 1868 and 1906. From the small size of the necessary corrections to
the observed angles, and from the fact that the position of Ross Mountain, which pre-
dominates the group, is determined by observations made entirely after 1808, the error of
assuming that these twelve points belong to the period between 1808 and 1900 is deemed

negligible.
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For one point, Chaparral, observations made in 1860 furnish a determination, of the
position before 1868, and hence the displacement of this point in 1868 (see table 2) is
determined a& well as its displacement in 19G6. The displacement of 1868 agrees closdly,
within less than 0.13- meter (0.4 feet) in amount and 9° in direction, with the displace-
ment at that time at Ross Mountain, 5,7 kilometers (3.5 miles) to the eastward.

A study of the possible accumulated errors in the triangulation shows that five of the
observed displacements in this group, as referred to Mocho and Mount Diablo, are clearly
beyond the range of possible errors of observation; namely,, those a Fort Ross, Funcke,
Timber Cove, Stockhoff, and Pinnacle Rock. For the remaining seven displacements,
there are from one to two chances out of ten that they are due entirely to errors of observa-
tion, and these displacements are therefore reasonably certain.  The relative displacements
of pairs of points on opposite sides of the fault and near to each other in this group are
certain, being in every case clearly beyond the range of possible errors of observation.

The apparent displacements in 1906 of the twelve points in this group conform closely
to the four deduced laws governing such displacements. The seven pointsto the west-
ward of the fault moved in a northerly direction, in azimuth varying from-137° to 158°,
with amean of 144° (36° W. of N.). The azimuth of the fault in thisregion is about 141°
(39° W. of N.). All five points to the eastward of the fault moved southerly, in azimuth
varying from 301° to 328° with a mean of 318° (42° E*of S.). All of the points in this
group are within 3.2 kilometers (2.0 miles) of the fault and therefore give little opportu-
nity to ascertain whether the-amoimts of the displacements show any relation to distances
from the fault. Such arelation is not clearly discernible among the observed displace-
ments. The evidence of the apparent displacement at Ross Mountain (see table 1),
6.2 kilometers (4.2 miles) to the eastward of the fault, indicates a decrease of displacement
with increase of distance from the fault in that direction. The average displacement of
the five points to the eastward of the fault is 144 meters (4.7 feet) and that of the seven
points to the westward is 15 times as great, namely, 2.11 meters (6.9 feet).

Group 6. Point Ar&na. — In this group there are ten points determined by secondary
triangulation in 1870 to 1892 that were redetermined by secondary triangulation in 1906,
starting from the stations Fisher and Cold Spring, 11.2 and 13.5 kilometers eastward from
thefault respectively. (See map 25.) A study of the possible errors in thetriangulation
shows that al of the observed displacements in this group are certain, each being clearly
greater than the maximum possible errors of observation. There is a possibility that the
assumption that the two stations, Fisher and Cold Spring, remained unmoved in 1906 is
in error.  The movement, if any, of these stations was probably about the same for both
stations and in a southerly direction and parallel to the fault. If such a movement of
these stations occurred, the computed displacements in 1906, shown in table 1 and on map
25, are all too small for stations to the eastward of the fault, and too great for stations to
the westward of it.

The agreement of the observed displacements of the ten points in this group with the
four deduced laws is close. The six points to the westward of the fault moved in azi-
muthsvarying thru arange of 5° only, from 159° to 164°, with a mean of 162° (18° W. of
N.). Thefault inthisvicinity is said to change in azimuth, near the point where it crosses
the coast-line, from about 144° to about 164° (16° W. of N.), curving to the eastward.
The four points to the eastward of the fault moved in azimuths varying from 324° to 340°
with a mean of 330° (30° E. of S)). The station Shoemake, comparatively near to the
fault, 15 kilometers (0.9 mile), on the west side, showed a displacement much larger than
any of the other five points on that side, all of which are from 5.7 to 7.6 kilometers from
the fault. The two points to the eastward of the fault which are within less than 1
kilometer of it were displaced nearly twice as much as the other two which are nearly
4 kilometers from the fault. The average displacement for the four points to the east-

K
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ward of the fault is 1.16 meters (3.8 feet) and for the'six to the westward is 2.3 times as
great, namely, 2.71 meters (8.9 feet).

Group 7. Southern part of primary triangulation.'— In this group, extending south-
ward from the line Mocho-Sierra Morena, there are nine points (see map 24) of which the
positions were redetermined after the earthquake of 1906. Of these, one, Loma Prieta,
had been formerly determined both before and after the earthquake of 1868; five others
had been determined before 1868 but not after, and three had been determined after but
not before 1868. (Seetables 1to3) Inthisgroup, therefore, but one point is available
to show the displacement of 1868.

The triangulation of 1854-1855, starting from the line Ridge to Rocky Mound near the
Pulgas Base, consisted of a single chain of triangles with all angles measured, down to the
line Loma Prieta-Gavilan. The Point Pinos Light-house and the Point Pinos Latitude
Station were connected with this chain, and with checks, by observations in 1854, 1864,
and 1866.

The main triangulation of 1876-1887, from the line Mount Diablo-Maocho to the line
Mount Toro-Santa Ana, consisted of a strong chain of figures with many checks, being
substantially as shown on map 24 if Gavilan be omitted and all stations occupied. In
this triangulation, however, no complete independent determinations with checks were
made of Black Mountain, Santa Cruz Azimuth Station, Gavilan, Point Pinos Light-
house and Point Pinos Latitude Station.

The triangulation of 1906-1907 was made as shown on map 24. Two separate least
square adjustments were made of the main scheme connecting the points Mount
Diablo, Mocho, Sierra Morena, Loma Prieta, Mount Toro, Gavilan, and Santa Ana.

In the first adjustment, it was assumed, as for the computations of other groups, that
Mount Diablo and Mocho only remained unmoved during the earthquake of 1906. This
first adjustment showed an apparent displacement of Santa Ana in 1906 of 3.26 meters
(10.7 feet), in azimuth 288° (72° E. of S.), but an examinationindetail of the possible accu-
mulated errors in the triangulation showed that this apparent displacement was probably
dueto errors of observation. The new primary triangulation is much weaker in the figure
defined by the five points, Mocho, Loma Prieta, Mount Toro, Gavilan, and Santa Ana,
than elsewhere for two reasons. First, the length must be carried without a check
thru the triangle Loma Prieta, Mocho, Mount Toro, of which only two angles were meas-
ured and this triangle is very unfavorable in shape for an accurate determination of
length. Second, it so happened that the least accurate observations made in the pri-
mary triangulation were in this triangle or in its immediate vicinity.

In the second and adopted adjustment it was assumed that Santa Ana, as well as
Mount Diablo and Mocho, remained unmoved during the earthquake of 1906. The
astronomic azimuth had been observed at Mount Toro in 1885 and again after the
earthquake of 1906. These two observations measured the absolute change in azimuth
of the line between Mount Toro and Santa Ana and indicated it to be 2.5", the later
azimuth being the greater. This was utilized to strengthen the adjustment.

In view of the evidence of stations farther north, the assumption that Santa Ana re-
mained unmoved is reasonably safe.  Santa Ana is about 27 kilometers (17 miles) to the
eastward from the point at which the fault disappeared near the village of San Juan.
There is no station anywhere in the triangul ation more than 6.4 kilometers to the eastward
of the fault for which any displacement in 1906 was determined with certainty.

If SantaAnawas displaced in 1906, the erroneous assumption introduces an error into
the computed displacements at the stations Gavilan, Mount Toro, Point Pinos Light-
house, and Point Pinos Latitude Station, of about the same amount as the actual dis-
placement at Santa Ana. The error produced in the computed displacement at Santa
Cruz Light-house and Santa Cruz Azimuth Station must be much smaller, and no error
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would be produced at Loma Prieta. Taking the uncertainty in regard to the estimated
stability of Santa Ana into account as well as the possible errors in the triangulation,
the following estimates of the uncertainties of the apparent displacements were made.

The displacements of Loma Prieta in 1906 and 186S (see tables 1 and 2) are both
certain.

The displacements of Black Mountain, Santa Cruz Azimuth Station, Gavilan, Point
Pinos Light-house, and Point Pinos L atitude Station, as shown in table 3, are also certain.
These are all combined displacements of 1868 and 1906. These stations were not deter-
mined between 1868 and 1906, hence it is not possible to determine directly from the obser-
vations the separate displacements. If it be assumed that the displacements in 1868 of
the last four of these points were the same as that observed for Loma Prieta (see table 2),
then the inferred displacements for each of these points in 1906 is as shown at the end
of table 1. These inferred displacements for these points are, however, very doubtful as
they depend upon a determination of the displacement of 1868 at a single point, Loma
Prieta, which is 24 kilometers (15 miles) from Santa Cruz Azimuth Station and more
than 48 kilometers (30 miles) from each of the otheii stations. It should be noted aso
that the displacement of Loma Prieta in 1868, which is certain, is very different from
that of the other four points, Mount Tamalpais, Farallon Light-house, Chaparral, and
Ross Mountain, for which the displacements of 1868 have been determined directly by
observations. It is a displacement to the southward instead of to the northwestward
and is much larger than for the other three points.

The determination of the displacement of Mount Toro as shown in table 1is some-
what uncertain. There is still more uncertainty in regard to the apparent displace-
ment at Santa Cruz Light-house.

The very small apparent displacement, 0.12 meter (0.4 foot),of the Lick Observatory
small dome in 1906 is probably due to errors of observation.

The two points in this group to the eastward of the fault show apparent displacements
in 1906 in accordance with the laws deduced from other groups: Lick Observatory, far
from the fault, 36 kilometers (22 miles), having an apparent displacement so small as to
be uncertain; and Loma Prieta, within 4.8 kilometers (3.0 miles) of the fault, having an
apparent displacement of 0.97 meter (3.2 feet) in a southerly direction and within 9°
of being paralel to the fault which here has an azimuth of about 312° (48° E. of S.).

Mount Toro is the only station to the westward of the fault in this group for which
a determination of the displacement of 1906 is not very doubtful. The displacement in
1906 of 0.95 meter (3.1 feet) at Mount Toro isin a northerly direction with a dlight incli-
nation to the westward in fair agreement with the deduced laws. Mount Toro is beyond
the end of the portion of the great fault of 1906 which has been traced on the surface.

The apparent displacement of Santa Cruz Light-house in 1906, of which the de-
termination is doubtful, is closdy parallel to the fault an1 in a northerly direction,
corresponding to other points to the westward of the fault.

The inferred displacements of 1906 for four points shown at the end of table 1 are all
very doubtful, and little significance should be attached to them or to the fact that they
are somewhat contradictory to each other and all have a southerly tendency, whereas al
other points to the westward of the fault of 1906 moved in a northerly direction. Asa
check on this conclusion, it should be noted that the inferred displacement for 1900 for
Santa Cruz Azimuth Station differs by 72° in direction and 126 meters (4.1 feet) in
amount from the observed displacement of 1906 for Santa Cruz Light-house, a point only
3.9 kilometers (2.4 miles) away. The observed displacement for Santa Cruz Light-house
is much less uncertain than the inferred displacement for Santa Cruz Azimuth Station
and hence the contradiction throws additional doubt on the latter and the other three
points for which the inference is made in like manner.
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Tho the inferred displacements of these four points for 1906 are all very doubtful, the
observed combined displacements of 1868 and 1906 for these four points, as shown in table
3. are all certain, being clearly beyond the possible range of errorsof observation. So aso
are the combined displacements of 1868 and 1906 for Loma Prieta and Black Mountain.
It appears then that the combined effects of the earthquakes of 1868 and 1906 were to
move the whole region from Black Mountain to Point Pinos to the southeastward by
from 2.11 to 5.89 meters (6.9 to 19.3 feet). The mean azimuth of these six displacements
is 321° (39° E. of S)). The most startling evidence of the combined effects of the two
earthquakes is the increase of 3 meters (10 feet) in the width of Monterey Bay from Santa
Cruz Azimuth Station to Point Pinos Light-house, both of these points having moved in a
southerly direction, but the latter much more than the former. The length of the line
Santa Cruz Azimuth Station to Point Pinos Light-house is only 39.8 kilometers (24.7
miles). The increase is therefore one part in 13,000.

Not much significance should be attached to the fact that Point Pinos Latitude Station
has apparently moved one meter less than Point Pinos Light-house. This one meter isthe
difference of the combined displacements of two earthquakes. It is subject to the errors
of observation in two determinations of each point by triangulation in somewhat different
ways. Moreover, the determination of the position of the Latitude Station after the
earthguake of 1906 was made without a check. It isfor this reason that the displacement
at Point Pinos Light-house is considered to be the more reliable determination of the two.

DISTRIBUTION OF EARTH MOVEMENT, SUMMARY.

In reaching the conclusions stated below, the evidence has been studied much more in
detail than it has been given in the preceding pages. The conclusions are based on both
the positive and negative evidence. The positive evidence is given by the displacements
marked "certain” or "reasonably certain” in tables 1, 2, and 3. The negative evidence
is given by displacements marked "doubtful,” of which Rocky Mound is an example.
At this point the observed apparent displacement of 1906 was only 0.34 meter (1.1 feet).
The accuracy of the triangulation is such that it is practically certain that any displace-
ment of this station as great as one meter would be detected. Hence the evidence given
by this station is that the displacement, if any, was less than one meter and probably
was less than 0.3 meter.

Maps 24 and 25 should be consulted while reading the following conclusions.

During an earthquake in 1868 or about that time, about 1,000 sguare miles of the
earth's crust, comprized between the four stations Mount Tamal pais,Farallon Light-house,
Ross Mountain, and Chaparral, were permanently displaced to the northward about 16
meters (5.2 feet), in azimuth 169° (11° W. of N.). The indications are that this whole
area moved as a block without distortion or rotation; at least the triangulation furnishes
no evidence competent to prove either distortion or rotation of the block (about a vertical
axis), or to locate accurately any boundary of the block. It is probable that the block
included Sonoma Mountain. It is reasonably certain that Rocky Mound and the group
of points near the southern end of San Francisco Bay, Red Hill, Pulgas Base stations, and
Guano Island, were not on this block, tho they were probably displaced somewhat irregu-
larly during the earthquake of 1868.

During the earthquake of 1868, or about that time, Loma Prieta was permanently
displaced about 3.03 meters (9.9 feet), in azimuth 307° (53° E. of S.). This displacement
isin adirection a an angle of 138° with that of displacements of same date, referred
to in the preceding paragraph. Loma Prietamoved to the southeastward, whereas Mount
Diablo, Farallon Light-house, Ross Mountain, and Chaparral moved to the northward.

It is reasonably certain that Santa Cruz Azimuth Station, Point PinosLight-hou.se, Point
Pinos L atitude Station, and Gavilan were similarly displaced. It is probable that the last
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three stations named were displaced to the southeastward in 1868, being about 3 meters
(10 feet) more than Santa Cruz Azimuth Station and Loma Prieta, and consequently the
width of Monterey Bay was increased then by about one part in 13,000.

The combined effects of the earthquakes of 1868 and 1906 have increased the distance
between Mount Tamalpais and Black Mountain, see map 24 and table 3, by 3 meters (10
feet). The distance is 79 kilometers (49 miles) and the increase is therefore one part in
26,000. The Golden Gate lies between these two stations. It is interesting to note
that the length of part of the Pacific Coast including the Golden Gate has been increased
just as the distance across Monterey Bay has been increased.

During the earthquake of April 18, 1906, displaced points on opposite sides of the great
fault accompanying the earthquake moved in opposite directions, those to the eastward of
the fault in a southerly and those to thewestward in a northerly direction. Among all the
points there are but two apparent exceptions to this rule, namely, Rocky Mound and
Red Hill. For both these stations the apparent exceptional movement is so small as to
be probably due simply to errors of observation and therefore it is not significant.

During the earthquake of 1906, the permanent displacements of all disturbed points
were approximately paralel to the fault. When the difficulties encountered in determin-
ing the direction of these displacements are considered, it is remarkable that the observed
displacements follow this law so accurately as they do. The nearest fixt points to which
each displaced point is referred are from 30 to 140 kilometers distant (20 to 90 miles).
The total displacements are from 0.5 to 4.6 meters (2 to 15 feet). Among al the points
examined, there are but five for which the apparent changes in distance from the fault
are not so small asto be probably due to errors of observation. The Farallon Light-house
apparently moved at an angle of about 27° with the fault and its increase in distance from
the fault of 0.8 meter is reasonably certain. As Mount Tamalpais, nearly opposite to Fa-
rallon Light-house across the fault, moved practicaly parallel to the fault, there was
either an opening of the fault beneath the seain thisregion or an increase in length of the
earth's crust, in adirection at right angles to the fault, of one part in 50,000 (0.8 meter on
44 kilometers, or 3 feet on 27 miles). Point Reyes Light-house aso apparently receded
from the fault, moving in about the same direction (within5°) as the Farallon Light-house,
but the determination of the displacement of the Point Reyes Light-house is so wesk that
this apparent displacement has little significance. It isreasonably certain that Bodega
Head approached the fault from the western side, while Bodega, on the eastern side
of the fault, about opposite, moved parallel to the fault. The apparent closng up of
the fault or shortening of the crust at right angles to the fault is 16 meters (5.2 feet)
between these two points only 5.4 kilometers (3.4 miles) apart. Thisis one part in 3,400.
It is possible that as much as one-haf of this apparent closing up is due to errors of
observation, but it is reasonably certain that not all of it is due to that cause. Similarly
it is reasonably certain that Peaked Hill in the Fort Ross group receded from the fault on
the east side and Pinnacle Rock approached it on the west side, the apparent amounts
being 0.4 meter (1.3 feet) and 0.7 meter (2.3 feet) respectively. It is reasonably certain
that San Pedro Rock in the Colma group approached the fault from the west side, the
apparent amount being 11 meters (3.6 feet).

During the earthquake of 1906, the displacements on each side of the fault were less
the greater the distance of the displaced points from the fault. On the eastern side of the
fault, ten points at an average distance of 1.5 kilometers (0.9 mile) from the fault have an
average displacement of 154 meters (5.1 feet); three points at an average distance of 4.2
kilometers (2.0 miles) have an average displacement of 0.86 meter (2.8 feet), and one
point, Mount. Tamalpais, at 6.4 kilometers (4.0 miles) from the fault, has a displacement
of 0.5S meter (1.9 feet). These fourteen points are the only ones on the eastern side of the
fault for which the observed displacements were determined with reasonable certainty.
For no point to the eastward of tlie fault at a greater distance than 6.4 kilometers (4.0
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miles) was any displacement detected with certainty. To the westward, twelve points at
an average distance of 2.0 kilometers (1.2 miles) from the fault have an average displace-
ment of 2.95 meters (9.7 feet). Seven at an average distance of 5.8 kilometers (3.6 miles)
have an average displacement of 2.38 meters (7.8 feet). The only other point to the
westward of the fault of which the displacement was determined with certainty was Faral -
lon Light-house, distant 37 kilometers (23 miles) and displaced 1.78 meters (5.8 feet).

In receding from the fault, either to the eastward or to the westward, the displacement
decreases more rapidly near the fault than it does farther from the fault. According to
the averages given in the preceding paragraph, the decrease in displacement on the
eagtern nde near the fault is at the rate of 0.25 meter per kilometer (that is, 0.68 meter
on 2.7 kilometers) and farther away the rate is 0.13 meter per kilometer (that is, 0.28
meter on 2.2 kilometers). Imagine a straight line before the earthquake of April 18,1906,
dtarting at the fault and extending eastward at right angles to it. According to this
investigation, after the earthquake this line became a curved line concave to the south-
ward, the point at the fault being displaced southward and distant points on the line re-
maining fixt. Also according to the above figures, the part of the line which is from 15
to 4.2 kilometers from the fault was deflected from its former direction about 52 seconds
and that part from 4.2 to 6.4 kilometers from the fault was deflected about 26 seconds, and
the deflection probably decreased gradually to zero at distant points. To the westward
of the fault the rate of decrease of displacement, according to the averages in the preceding
paragraph, near the fault is 0.15 meter per kilometer (that is, 0.57 meter on 3.8 kilometers),
and farther away only 0.02 meter per kilometer (that is, 0.60 meter on 31 kilometers).
Accordingly the imaginary straight line at right angles to the fault and extending west-
wad from it has become concave to the northward, the point at the fault being dis-
placed to the northward and very distant points remaining fixt. The deflection from its
origind direction is about 31 seconds for the part from 2 to 6 kilometers from the fault
and about 4 seconds on an average for the part from 6 to 37 kilometers from the fault.

For points on opposite sides of the fault of 1906, and a the same distance from it,
those on the westward side are displaced on an average twice as much as those on the
eagtern side.  This statement applies especidly to points within 10 kilometers (6 miles)
of the fault. For points farther away, the ratio becomes more than two to one. It is
important to note that this statement applies to displacements, not distortions. The
distortion, exprest in angular measure, discust in the preceding paragraph, is nearly the
same on the two sides of the fault, being somewhat less dose to the fault on the western
Sde than on the eastern side.

The amount of relative displacement of the two sides of the fault by sliding along the
fault, as detected by the triangulation, shows no variations for different parts of the fault
dong its whole length from Point Arenato San Juan, with one exception, which are auffi-
ciently large to be clearly not due to errors of observation. This exception is the region
new Coma where, as aready noted, relative displacements seem to be unusually small.

The permanent displacements and distortions which took place a the time of the
earthquake of April 18, 1906, may be pictured by imagining a series of perfect squares
drawvn on the surface of the ground before the earthquake, with their sides paralel
and perpendicular to the fault. At the time of the earthquake every square to the east-
ward of the fault moved bodily in a southerly direction paralel to the fault, the squares
more distant from the fault moving less than those near to it.  All sides of squares parallel
to the fault remained straight lines, unchanged in length and direction. For the sguares
to the eastward, the Sdes perpendicular to the fault became curved lines concave to the
southward and changed direction as a whole by rotation in a counterclockwise direction,
the change being 52 seconds or more for squares near the fault, and less for more remote
djiian*. The angles of the squares al took new values differing from 90° by quantities
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ranging from more than 52 seconds to zero. The squares to the westward of the fault
were moved bodily in a northerly direction paralel to the fault, their sides parale to
the fault remaining straight and unchanged in length and direction. Their sides perpen-
dicular to the fault became curved lines concave to the northward and each changed in
direction by rotation in a counterclockwise direction, the change being more than 31
seconds for squares near the fault and less for more remote squares.  The displacement
of squares near the fault was twice as great for squares on the western side as for squares
on the eastern, but the distortion was dightly less for squares on the western side than
for those on the eastern side.  The appreciable displacements extended back much farther
from the fault on the western side than on the eastern side.

It is not probable that the actual displacements ard distortions were perfectly regular
as indicated in the word picture of the preceding paragraph, but the apparent departures
from this perfectly regular ideal, of the displacements and distortions detected by the
triangulation are nearly al so small asto be possibly due to errors of observation. Atten-
tion has been caled to the few exceptions, of which one can be certain, which have been
detected. The earth-movements of April 18,1906, were remarkable for their regularity of
distribution. :

The triangulation of 1906-1907 has extended eastward clearly beyond the region of
appreciable permanent displacements by the earthquake of 1906. The disturbed region
evidently extended to the westward out under the Pacific beyond the possible reach of
the triangulation. To the northward of Point Arenathere is little probability of much
success if an attempt were made to determine additional displacements by triangulation,
for the known fault of 1906 touches the coast for but a short distance anywhere north of
Point Arena, and triangulation to the northward of Point Arena before the earthquake
consisted simply of a narrow and weak belt of tertiary triangulation. It had been
intended to extend the triangulation of 1906-1907 far enough to the southward to
reach outside of the disturbed region. It was supposed until after the observing party
left the southern end of the triangulation that this had been accomplished, but when
the additional evidence given by the office computations became available, it was evident
that the most southern points determined are still within the disturbed region. The
fact that the visible evidence of the fault of 1906 does not extend farther southward
than San Juan indicates that there are probably few points to the southward of Mount
Toro and Point Pinos for which the displacements were large enough to be detected by
triangulation.

DISCUSSION OF ASSUMPTIONS.

Certain things have apparently been assumed in this investigation; for example, that
appreciable permanent displacements occurred during the earthquake of 1868 as well as
during the earthquake of 1906; that the permanent displacementsin 1906 occurred
suddenly, and that